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Contaminated stormwater discharge is a major concern in the United States due to
a steady increase of harmful pollutants entering fresh water sources. The many
congressional mandates that require local governments to reduce the impact of storm
water discharge on the natural ecology have greatly increased the need for economically
and environmentally viable solutions to pollution reduction. One such solution is that of
constructed wetlands. Previous research conducted at the Sustainable Bio-products
Department at Mississippi State University demonstrated the feasibility of kenaf fiber and
wood shavings to remove toxins and crude oil from the bio-oil process water. This study
proposes to amend contaminated storm water runoff from a biomass to bio-oil conversion
facility through a simulated constructed wetland. The constructed wetlands were
contaminated with varying dilution levels of bio-oil process water in a series of six
phases. It was hypothesized that the contaminated rainwater can be remediated by
constructed wetlands and safely released back into the native waterways. This study
concluded that there was a significant decrease in biological oxygen demand (BOD) and
micro-toxicity over a ten day cycle within the constructed wetlands for the lower levels of

contaminated stormwater. A comparative screen of the bacterial community within the
wetlands during the contamination process showed a similar trend in species richness and
composition for the first three Phases of contamination. There was a shift in richness and
diversity for the final three Phases of contamination after ten days within the constructed
wetlands. The constructed wetlands were successful at lowering BOD and toxicity levels
and achieving permissible pH levels when the concentration of contaminated stormwater
was less than or equal to 400x dilution. Much of the BOD reduction was due to
volatilization of the contaminated wastewater. When the concentration of contaminated
water exceeded 300x dilution, the constructed wetland were only successful at achieving
permissible pH discharge levels. Better results may be achievable with longer residence
time in the wetlands.
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LITERATURE REVIEW

Introduction
The level of quality for storm water discharge is a growing concern in the United
States due to a steady increase of harmful pollutants entering fresh water sources. The
many congressional mandates that require local governments to reduce the impact of
storm water discharge on the natural ecology have greatly increased the need for
economically and environmentally viable solutions to pollution reduction. One such
solution is that of constructed wetlands (CW). Wetlands naturally function as a water
purifying system that removes contaminants like organic material, suspended solids,
pathogens, nutrients and heavy metals, as well as lower biological oxygen demand
(BOD) levels (Pastor, Benqlilou et al. 2003). Naturally occurring wetlands are under the
protection of the federal government; therefore artificial CWs are primarily used for
pollution control of wastewater treatment. A variety of studies have shown that
constructed wetlands are easy to maintain, relatively low cost and provide other indirect
benefits such as green space and wildlife habitats (Fakhru'l-Razi, Pendashteh et al. 2009;
Boller 2004; Brix 1995). Storm and wastewater have conventionally been treated in
offsite locations by different physical, chemical, and biological systems, however, for
larger industrial units it has become more cost effective and environmentally beneficial to
treat storm water on–site with CWs (EPA 2009). The use of CWs for large industrial
1

facilities allows for a more sustainable means of removing harmful pollutants on-site
before it enters the local water source, rather than sending the water to the regional water
treatment facility (Campbell and Ogden 1999). The specific plants, fungi, algae, and
bacteria that occur in constructed wetlands break down the wide variety of contaminates
found in wastewater through the process of bioremediation and phytoremediation
(Hammer 1993; Campbell and Ogden 1999). The foliage and roots of the plants and other
organic matter function as attachment sites for the microbes that use the pollutants as
their food source by degrading them into environmentally harmless by-products
(Mortimer, Borazjani et al. 2001).
The growth in consumption of bio fuels has led to an increase of waste byproducts generated from the bio-oil manufacturing processes. This waste is often found in
the storm water runoff from these facilities and can have harmful effects on the
environment if not treated properly. A rapid development of widely applicable, low cost
methods for treatment of this type wastewater is a high priority, since several bio-oil
refineries will start operating throughout the USA in the next few years (KiOR 2013).
An efficient way to deal with the resulting wastewater produced needs to be examined.
In 1989, Hammer made the seminal observation that constructed wetlands are an
easy to maintain and an inexpensive alternative to traditional stormwater treatment
facilities. Even though this idea was initially met with skepticism, constructed wetlands
are rapidly becoming a popular alternative to previous stormwater treatments methods.
As a direct result of the industrial use of constructed wetland technology, Fakhru'l-Razi et
al. (2009) investigated constructed wetlands as a means to treat more heavily
contaminated water produced from oil and gas production. Their research highlighted
2

several successful alternative water treatment options, one of which was the
bioremediation processes that occur in constructed wetlands. These series of supporting
theories have led to the concept that stormwater contaminants produced from bio-oil
facilities may also be successfully treated and removed by constructed wetlands (Yang
and Hu 2005). There are very few examples of studies on treating the wastewater from a
bio-oil facility; and even less (if any) available on how to treat the stormwater that occurs
on such facilities. With the growing demand for sustainable bio-oil and the high pressure
directed towards environmentally friendly stormwater treatment alternatives, a happy
medium of these two issues must be met (Arthur, Langhus et al. 2005; Fakhrul-Razi,
Pendashteh et al. 2009). The following literature review provides convincing evidence
that constructed wetland technology is a viable alternative to treating bio-oil
contaminated stormwater.
Constructed Wetlands History
Constructed wetlands are a man-made structure mimicking the biological process
that occurs within naturally occurring wetlands (Brix 1995). The primary function of a
CW is to provide treatment of wastewater, stormwater or general water quality control.
Constructed wetlands differ from artificial wetlands in the primary purpose that each
wetland serves. Both are man-made structures, however artificial wetlands are
intentionally created to establish a wetland habitat for its ecosystem values and not solely
for water quality control (Hammer 1989). Naturally occurring wetlands are unique
ecosystems that play a vital role in the biodiversity and organic matter storage of the
ecotones between terrestrial and aquatic systems (Mitsch and Gosselink 1993). In the
past, wetlands appeared to be a wasteland with no apparent value, and were often
3

converted into agricultural, commercial or residential use. Although wetlands have been
used to manage and sometimes treat wastewater since the ancient Chinese and Egyptians,
it has only been in the past twenty years that they have been protected as natural habitats
themselves (Hamilton et al. 1993; Brix 1995). The practice of constructing artificial
wetlands for water treatment began in Australia in 1904 to treat the large volume of waste
that was being dumped into the Sydney harbor (Brix 1995). The pioneer work of Kathe
Seidel in 1955 discovered that pollution from agricultural over fertilization could be
lessened through the use of common bulrush (Poaceae spp.) and other aquatic plant
species (Seidel 1966). Through her research, she eventually created a constructed
wetlands system known as the Krefeld system that utilizes four to five stages of several
basins filled with water, sand, and aquatic plant species. The system was reported to work
well although would often experience clogging issues (Seidel 1966, Haberl and Perfler
1990).
Seidel’s work on constructed wetlands encouraged German scientist R Kickuth to
further study wetland’s ability to treat wastewater (Brix 1995). Dr. Kickuth’s work
eventually lead to the development of the Root Zone Method that utilizes the construction
of rectangular beds planted with reeds in specific soils that is amended with nutrients to
improve the soil structure and precipitation ability of the system. The waste water in the
root zone method would flow through inlet portions on the rectangular beds and then pass
through the rhizosphere of the reeds and amended soils where the contaminants would
eventually be removed and the treated water released through the outlet points. This
system was reported to have increased the reeds capacity to transfer oxygen to the
rhizosphere as well as increase soil permeability (Brix 1995).
4

Research on CWs has had a great influence on technological development in the
US in the late sixties and early seventies (Brix 1995). For example, NASA developed a
wastewater treatment process derived from contemporary wetland studies that utilized
reed plant species and anaerobic microorganisms based system as well as a gravel-based
system to reduce BOD and TSS levels (Wolverton 1982). This development eventually
led to pilot and full scale marsh projects in California, Tennessee and Kentucky, whose
primary function was to treat stormwater and wastewater (Hammer 1989; Hammer 1993).
Constructed wetlands today currently serve a variety of functions such as water
treatment, environmental reclamation and rehabilitation, park and recreational use,
wildlife habitat, and greenway corridors for ecosystem stability (Hammer 1993,
Vyzmazal 2011; Kadlec and Knight 1996). The technology of wastewater treatment of
CWs has advanced in the ability to treat specific pollutants found in wastewater, identify
individual microorganisms that aid in contamination removal, increase capacity for
phosphorus ammonia and heavy metal removal, and treat not only municipal wastewater
but industrial waters as well (Vyzmazal 2011). They provide a unique habitat for
migratory bird species and offer an aesthetically pleasing alternative to more traditional
methods for wastewater management (Ferguson 1998). Constructed wetland technology
has a strong history of water treatment and will continue to develop its potential with
thousands of applications in place across the world (Kadlec 2003).
Constructed Wetlands’ function
Constructed wetlands’ primary function is to treat and clean contaminated water,
they also provide several other ecological services to human society. These services
include passive and active recreation such as bird watching and hunting (Brix 1995).
5

They are an aesthetic alternative to other forms of water treatment and allow for unique
education and research opportunities to local schools and universities. Other than water
quality improvement, CWs have been designed and used for stormwater and flood water
retention due to the large land areas available in their ponds. They also provide a vital
habitat for fish and wildlife as well as cycle nutrients and other materials (EPA 2009).
Pollutants are removed from stormwater by CWs through physical, chemical, and
biological processes (EPA 2000). The primary chemical and physical methods include
sedimentation, adsorption, filtration and volatilization (EPA 2000). Sedimentation is the
act of particulates settling onto wetland soils and is the primary method for lowering TSS
and removing heavy metals and particulate nitrogen (EPA 2000). Adsorption occurs in
CWs when contaminates adhere to the surface area of plants and sediment. Pollutants
such as phosphorus, hydrocarbon and some heavy metals are best removed through the
process of adsorption. Being that the majority of wastewater remediation occurs below
the water surface, volatilization does not always play a major role, however,
contaminates such as petroleum hydrocarbons can often be evaporated off the water
surface (Leahy and Colwell 1990; EPA 2000).
Microbial activity within a CW is one of the most effective processes for
contaminant removal. The microorganisms found in CWs include bacteria, fungi,
protozoa and algae. Their primary function within a wetland system is to transform
organic and inorganic compounds into a more innocuous and insoluble form (Baker and
Herson 1994; EPA 2000). They also act to increase the rate of reduction and oxidation of
the contaminants found in the water and thus increasing the processing capacity of the
wetlands overall. The microbial activity in a wetlands system is highly flexible under
6

both aerobic and anaerobic conditions (Imfeld et al. 2009). When a large amount of
energy-containing material is present, the microbe community can expand rapidly to
breakdown the compounds (Baker and Herson 1994). Once the conditions are no longer
favorable for growth, the microbes will them remain dormant for years (Hammer 1989).
There are toxic amounts of contaminant that can destroy a microbial community entirely
and these levels vary depending on the contaminant.
Constructed wetlands can sustain either shallow or permanent standing water and
have soils, substrates and biota that are highly adaptable to flooding and limited aeration
conditions (Vymazal 2011). The three main types of CWs are constructed wetlands with
surface flow known as free water surface constructed wetlands (FWS CWs), constructed
wetlands with subsurface flow known as horizontal subsurface flow constructed wetlands
(HSF CWs), and hybrid constructed wetlands. FWS CWs are large open bodies of water
with free floating and emergent plants that are used primarily for the removal of organics
through microbial degradation (Kedlac 2003). Horizontal subsurface flow CWs treats
contaminated water as it flows through a submerged inlet and passes through the porous
medium beneath the planted bed of emergent plant species (Brix 1995). Hybrid
constructed wetlands utilize a combination of processes derived from FWS and HSF
systems and are often designed after the early CWs development by Seidel and Planck
(Vymazal 2011). All three approaches to CW design have been successful in improving
water quality.
Risk Assessment of Constructed Wetlands
Constructed wetlands themselves mimic a naturally occurring wetlands system
and are considered to be a safe environment; however, there are some risks associated
7

with the use CWs to treat storm and wastewater (Barbosa, Fernandes et al. 2012). First,
constructed wetlands are still considered by some municipalities to be an emerging
technology and are not uniformly accepted by all state regulators or EPA regions
(Giovanni et al. 2011). This can create an inconsistent set of management regulations and
water quality standards from city to city (Cross and Duke 2008). A second risk associated
with constructed wetlands and wastewater treatment is its effect on wildlife. Although
there is no significant evidence that wildlife can be harmed by constructed wetlands,
there is often a concern associated with this form of wastewater treatment and how it may
attract wildlife that could potentially be exposed to the influent water (EPA 2000). There
is little research on constructed wetlands’ negative effect on wildlife and the fact that this
technology has been available for such a significant amount of time without raising
concern suggests that there may be no such risk. However, if a wetlands system is known
to treat highly toxic amounts of chemicals, it must first be designed with a vegetative
submerged bed to restrict access to wildlife (EPA 2000). Lastly, the presence of the
public at constructed wetlands for wastewater treatment is considered a risk that has
made necessary the need for management efforts to ensure human health and safety.
These include the prevention of access to the primary effluent wastewater and the limited
contact with flora and fauna (Campbell and Ogden 1999).
Humans can be exposed to some small risk through coming into direct contact
with certain elements of the wetlands. The exposure routes of humans to contaminated
water in the wetlands include ingestion of potable water, plants, soil or dust that has been
exposed to the effluent wastewater (Giovanni et al. 2011). Humans can also inhale
volatilized contaminates found in the air, or consume locally caught fish that has been
8

exposed to the contaminated effluent water (EPA 2000). As with humans, the local
wildlife can also ingest the potable water, soil or dust, inhale volatilized contaminates, or
consume other wildlife that has been exposed (Giovanni et al. 2011).
Constructed Wetlands and Sustainable Stormwater Management
With the evolution of stormwater management steadily progressing forward, more
sustainable development techniques have emerged that primarily focus on on-site
infiltration and pollution control (Boller 2004). Sustainable stormwater management
focuses on new development practices and techniques in order to protect the future of
water quality (Boller 2004). Some of the concepts behind sustainable development
include management that is smaller and closer to the source, capable of handling multiple
storm events, and treats water quality as well as runoff quantity (Debo and Reese 2003).
CW are a primary example of the success of sustainable stormwater management.
A brief history of stormwater management
The work of Debo and Reese (2003) in Municipal Stormwater Management is
significant to the history of stormwater and its development over time. They define the
evolution of stormwater management in a series of nine paradigms. These archetypes,
according to Debo and Reese (2003) are as follows:
1. Run it in ditches – 1800s – As pioneers settled the United States, they ran
all water into ditches. This process was similar to water management on
farms.

9

2. Run it in pipes – Early 1900s – In order to maintain sanitation in urban
areas, wastewater was diverted into pipes and then released into nearby
rivers or streams.
3. Run it in stormwater pipes – 1950s – 1960s – A shift from well water to
surface water that was caused by contaminated water being consumed by
those who lived downstream. During this period wastewater treatment
plants began to treat less of the “clean” stormwater for economic purposes.
4. Keep it from stormwater pipes – 1970s – For the first time, stormwater
detention ordinances began to increase countrywide; however, the
conditions of theses ordinances were rarely met. If these conditions were
to be met, real peak flow reduction results would have been achieved.
5. Don’t Cause Flooding – 1985 – Coordinated regional approaches begin to
take effect in this time period as well as the development of hydraulic
models to be used as solutions to flooding for the entire watershed.
6. Do Not Pollute – 1986-1987 – Phase I, Phase II of the Water Quality Act
emerge from this era. This flux in policy requirements caused
development to have a more complex set of regulations.
7. Protect the Ecology – 1990’s – The term ‘Biocriteria’ emerges from this
paradigm. The biocriteria of stormwater management refers to the stream
restoration and conservation initiative and how to preserve stream health.
8. Water is Water is Watershed – Late 1990’s – The concept of managing
water as an entire watershed begins to emerge in this era. Previously,
water was viewed as a separate entity, rather than part of one hydrological
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system. The Endangered Species Act (ESA) also plays a key role in
protection of entire watershed ecology. A limitation to this approach is
that it is presented at such a large scale that it prevents citizens from fully
relating to the issue.
9. Green And Bear it- Present Day- Stormwater management today is taking
on a more sustainable approach as the Green Revolution makes it way
across the country and the world. The essential issues of the movement
include urban sprawl and its negative effect on humanity and ecology.
America’s current method of harmful growth is not unavoidable; by incorporating
best management practices (BMPs), a more sustainable urban environment can be
achieved by way of stormwater management techniques that take into account all
environment, social, and economical aspects of a watershed and aid in sustainable
development.
Stormwater management policy
During the first fifteen years of the Clean Water Act (CWA), stormwater release
was considered a “non-point” source of pollution, and was not required to meet any
regulations for water quality for a “point source” (Duke and Augustenborg 2006). In
1978, policy regulations changed to include it as point source pollution due to the
evidence that stormwater runoff contained substantial amounts of pollutants that are
potentially damaging to the environmental (Duke and Augustenborg 2006). The
Environmental Protection agency (EPA) initiated National Pollutant Discharge
Elimination System (NPDES) in an attempt to improve the water quality of U.S. water
systems. NPDES was introduced and authorized by the Clean Water Act to improve
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water quality from runoff generated by urban areas (EPA 2005). Starting in 1990, Phase I
of the program required populations of 100,000 – 250,000 people or greater to require
municipal separate storm sewer systems and construction activity on areas greater than
five acres to acquire a stormwater permit (EPA 2002). Starting in 2003, Phase II was
developed to focus on the removal of pollutants in stormwater runoff to the maximum
extent possible (EPA 2002). The NPDES Phase II requires management of water
pollution by regulating the initial source of pollutants that are being released into US
waterways such as pipes or man-made ditches (EPA 2005). Cities are also required to
have stormwater permits for large industrial and municipal facilities, but private homes
that are not associated with a municipal system or sites that use a septic tank do not
require a permit (EPA 2005)
The process for municipal stormwater design includes a considerable amount of
responsibility on the part of those implementing the policy (Duke and Augustenborg
2006). Many regulations require the community to “self-identify, self-monitor and selfreport” when it comes to matters of environmental protection (Duke and Augustenborg
2006). In order to meet the requirements of NPDES Phase II, developers of municipal
storm sewer systems (MS4s) must obtain a water quality permit that entails the need for
runoff protection as well as providing drainage and preventing flooding in urban areas
(Duke and Augustenborg 2006). The discharge from MS4s in urban areas pose a threat
to the surrounding environment due to high amounts of pollutant runoff from the
rooftops, streets, parking lots and other impervious surfaces (EPA 2002). Operators of
MS4s are required to put into practice management techniques that will limit the amount
of stormwater pollutants that occur from their development as well as examine their
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facilities for areas that may potentially contribute to pollutant runoff into a stormwater
drainage system (Duke and Augustenborg 2006). The problem with this management
style is that the enforcement of this policy relies on a community to regulate it, and often
times there are insufficient assessments made by the responsible agency (Duke and
Augustenborg 2006).
Stormwater ordinances and regulations differ from each governmental entity.
Whether it’s federal, state or local, each level contains its own governing policy that
determines the requirements for development (EPA 2005). On a national level, The
Federal Water Pollution Control Act (FWPCA) of 1948, the Clean Water Act (CWA) of
1987, as well as ordinance Section 438 of the Energy Independence and Security Act of
2007 are the three major pieces of legislation that dictate stormwater runoff conditions
and the requirements for new federal projects (EPA 2005; NPDES 2008). On a state
level, the NPDES is the major municipal guideline for rules of management, and in many
states the permits are distributed by the EPA (EPA 2009). The majority of permits
obtained are for municipal separate storm sewer system (MS4), that often include cities,
Department of Transportation (DOT), college and school campuses, hospitals, and sewer
districts (EPA 2009).
At the municipal level, similar to the state level, the majority of permits
distributed to a local populace are for MS4s (EPA 2005). However, unlike at the federal
and state level, local stormwater practices and decision making apply to more site
specific organizations such as place-based groups, watershed councils, and community
organizations (Larson and Lach 2010). These institutions are encouraged to help involve
local residents in their community and help solve watershed problems that are specific to
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their region as well as address environmental improvements and increase social capital
(Larson and Lach 2010).
On-site stormwater management
On-site stormwater management stems from rainfall and infiltration as a natural
process (Ferguson 1998). This theory is incorporated into an industry’s stormwater
management policy in order to maintain and restore the balance of these ecological
processes (Ferguson 1998). On-site stormwater management can be defined as simply the
management of stormwater runoff on a site (Sample and Heaney 2006). This approach
generally focuses on the management of rainwater runoff in an assortment of storage
facilities (Sample and Heaney 2006). These storage facilities can include on-site storage
ponds, rainwater cisterns, and soil moisture drainage (Sample and Heaney 2006).
In order for an onsite stormwater management policy to be most effective, it must
collect, convey, manage, and treat stormwater runoff from a site before it can be released
back into the natural environment (Ferguson 1998). Stormwater runoff is best collected in
recharge basins that allow for aquifer recharge through infiltration (Ku 1992). These
facilities collect the runoff and slowly permeate it through the sand and gravel that lines
the bottom and sides of the structure (Ku and Haselin 1992). Once the water is safely
stored within, the basin must be designed in a way that slowly conveys the water into a
management facility (Chocat, Krebs et al. 2001).
The general requirements for on-site stormwater management call for all specified
points along a waterway’s post-development conditions to not surpass the predevelopment conditions (Cronshey, Miller et al. 1985). In the past, the most common
requirement is to simply “pipe and pond” stormwater runoff from industrial
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developments and maintain the peak discharge downstream to match the predevelopment
levels (McCuen 2003). An issue with this management approach is that only the
measurement of total water volume is at the end of the pipe thus disregarding harmful
peak discharges (McCuen 2003). This requirement does not take into account water
quality treatment and the effect on the entire watershed (McCuen 2003).
With an increase in industrial development, many companies are implementing
more sustainable policies that require stormwater to be treated and remain on-site as it
would in its predevelopment conditions (Kronaveter and Shamir 2001). Due to the nature
of large industrial development, the amount of pollutants carried off of impervious
surfaces during a storm event are seriously harmful to overall water quality and unless
treated on-site, can cause long term pollution damage to soils and streams (Boller 2004).
On-site stormwater management requires a development to avoid the dispersion of
harmful pollutants by using source control measures, and to use soil infiltration as a
means for absorbing runoff deposits (Boller 2004).
The newly developed concepts of water management give industries many
alternatives for creating an on-site stormwater development plan to help them meet the
environmental, social, and functional demands of the future (Boller 2004). Flood
protection, water quality, groundwater recharge, and stream protection are just a few of
the advantages that an on-site stormwater policy can provide. These methods are both
beneficial and imperative to watershed health; however, due to the complex nature of
policy implementation, it will take decades for the compulsory use of these new ideas to
be mandatory nationwide (Boller 2004).
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Stormwater Treatment
Since the passing of the Clean Water Act in 1972, the country has made great
efforts in reducing the amount of pollution released into surface waters. Some of these
efforts include treatment methods that relate directly to stormwater runoff as well as other
non-point source pollutions (CWA 1972). Methods for removing pollutants from water
include but are not limited to; filtration, sedimentation, flotation, centrifugation,
distillation, ion exchange, oxidation and biological (Borazjani 2012). Filtration methods
can be as simple as running the contaminated water through a bed of sand and small
gravel or activated carbon. The process of adsorption, when discussing water treatment,
primarily refers to activated carbon, which consists of utilizing a large a group of
substances with the most common being coal (Borazjani 2012). This treatment process
employs the large surfaces area of the carbon particles and the charged forces of the
carbon surface to overcome the charged forces of the water being treated (Joo and
Foldenyi 2012). Perhaps one the most common of the more conventional water treatment
methods is the use of coagulation and flocculation flotation. The coagulation process
destabilizes suspended particles in the water by utlizing an opposite charge to the
particles themselves. The flocculation process is the slow mixing stage that eventually
changes the particles size from submicroscopic microfloc to visible suspended particles
(Sani, Basile et al. 2008). Once these steps are complete, the water is released for further
treatment. An example of a fairly recent water treatment technology is fluidized bed
reactors. This process is that utilizes the addition of gas and solid particles in a controlled
reactor to clean and remove contaminants (Borazjani 2012). The method of oxidation for
removing pollutants is simply the addition of oxygen to a water treatment facility to
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increase the breakdown of contaminants (EPA 2000). Biological methods for pollution
removal in water are encompassed in a broad range of techniques that includes
constructed wetlands. These techniques are more generally referred to as bioremediation.
These methods utilize plants and microbial communities to remediate contaminated water
(Baker and Herson 1994). There are many current methods for treating stormwater for
pollution control; however, most industrial water treatment facilities use a combination of
the previously discussed methods rather than just a single one. This process, although
effective, has the tendency to be very expensive and requires frequent maintenance and
management participation (Giovanni et al. 2012).
Bioremediation
Bioremediation is the “use of microorganism or microbial processes to detoxify
and degrade environmental contaminants” (Baker and Herson 1994). Bioremediation
technologies are categorized as either ex-situ (off site) or in-situ (onsite) treatments.
Conventional techniques for waste management would usually include removing the
stormwater or waste water from the site of contamination and either dumping it into a
landfill or cap it in containers and leave it onsite (Vidali 2001). Bioremediation
technologies aim to remove and remediate the waste from the environment entirely or to
transform them into innocuous substances. Baker and Herson (1994) list seven major
treatment technologies of bioremediation;


Bioaugmentation – addition of microbes to the contaminated substance



Biofilters- use of microbes stripping columns to treat air emissions



Biostimulation- stimulation of native microbe communities in soils and
water
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Bioreactors- active biodegradation in a container or reactor



Bioventing- drawing oxygen through contaminated soils to encourage
microbe growth



Composting- an aerobic thermophilic treatment where contaminated
material is mixed with a bulking agent



Landfarming- a solid phase treatment of contaminated soils

Bioremediation has many benefits over the more conventional treatment systems.
It can often take place on site and not interrupt the current industrial use of the site (Baker
and Herson 1994). It also has the potential to permanently eliminate the waste and with
that the future liability that waste can incur on an industry. Bioremediation is almost
always the most cost effective approach and requires the least amount of maintenance
and management to the industry itself (Juwarkar, Singh et al. 2010). However, like any
form of treatment, bioremediation technologies do have their disadvantages as well.
Some of the more complex chemicals, metals, and nuclear wastes are not amendable to
biological metabolism (Baker and Herson 1994). If some contaminates, for example
trichloroethylene (TCE), should undergo biological degradation, a more toxic substance
may result, such as vinyl chloride (a known carcinogen) (Baker and Herson 1994).
Bioremediation and Constructed Wetlands
Constructed wetlands can treat industrial stormwater utilizing a combination of
some of the above-mentioned technologies and can occur either ex-situ or in-situ. There
are several bioremediation pathways in which constructed wetlands remediate
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wastewater. The primary pathways include microbial degradation, phytoaccumulation,
rhizofiltration, volatilization, sedimentation, and sorption (Jain, Gupta et al. 2011).
The plant root zone or rhizosphere and the microbial community have a symbiotic
relationship within a wetland environment referred to as soil-plant-microorganism
interactions (EPA 2000). These interactions are what control microbial gene expression
and ultimately affect overall plant growth and pollutant removal efficiency (Zhao, Li et
al. 2012). Plant roots release organic and inorganic compounds from their root boarder
cells that create a unique living environment for microorganisms (Zhao, Li et al. 2012).
These compounds are metabolized by the microbes and allow for the coexistence of
billions of different organisms (Baker and Herson 1994). Within the wetland
environment, this soil-plant-microorganism system is greatly dependent on
environmental factors to sustain this balance (Campbell and Ogden 1999). Without
sufficient nutrients available to the plants from sunlight, soil, water, organic matter, the
roots would be unable to provide sufficient compounds for microbial consumption (Baker
and Herson 1994; Ansola, Arroyo et al. 2014). Soil texture around plant roots can also
inhibit rhizosphere microbial populations. In courser-textured soil, microbes have greater
access to the soils oxygen, whereas finer textured soils have smaller air pockets with
fewer attachment sites for compound metabolism (Ansola, Arroyo et al. 2014). Plant
uptake and concentration of pollutants is known as phytoaccumulation. This can occur by
absorbing the pollutants directly into the roots or shoots and either transforming, storing,
or transpiring the contaminants (McCutcheon and Schnoor 2003). It can also occur
indirectly by plant roots processing the degradation of contaminants through microbial
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communities metabolizing the pollutant within the rhizosphere (McCutcheon and
Schnoor 2003).
Volatilization can occur either from contaminant release from the water itself into
the air, or through the plants uptake and release of the contaminants through the
transpiration stream (phytovolatilization) (Susarla, Medina et al. 2002). This can also be
a direct result of phytoaccumulation because the contaminants are not degraded in or
metabolized by the plant, but rather emitted to the surrounding atmosphere (Knox,
Nelson et al. 2010). Volatile organic compounds (VOCs) such as chlorinated solvents and
benzene, toluene, ethylbenzene and xylene (BTEX) are often treated by constructed
wetlands due to their ability to transfer from the water phase to the vapor phase quickly
(Njobuenwu, Amadi et al. 2005). Hydrophilic compounds such as phenol and acetone are
expected to undergo less volatilization than the more hydrophobic compounds such as
chlorinated benzenes, chlorinated ethenes and BTEX (Njobuenwu, Amadi et al. 2005).
Phytovolatilization can be a major removal process for the more hydrophobic
contaminates because the plants themselves increase the upward movement of the
compounds into the atmosphere (Knox, Nelson et al. 2010).
Sedimentation and sorption occurs when the molecules of the chemicals
introduced into a wetlands system adhere to the solid surface of soils or rocks. It also
occurs when molecules dissolve in between the soils organic matter and the aqueous
phase of the water, or from partitioning of dissolved molecules between the aqueous
phase and soil organic matter (McCutcheon and Schnoor 2003). This process acts as a
sink for contaminates when the soil and solid surface area of a system have reached their
holding limit, pollutants will reside in the constructed wetlands longer and in turn
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becoming more exposed to the bioremediation process (Mesquita, Albuquerque et al.
2013).
Bacteria
Although both bacteria and fungi can degrade organic compounds, under the
aerobic conditions of constructed wetlands, bacteria represent the majority of
microorganisms (Baker and Herson 1994). Bacteria are ideal for bioremediation practices
because they grow rapidly, their genetic flexibility, and their ability to adjust quickly to
environmental conditions (Baker and Herson 1994; Ansola, Arroyo et al. 2014).
However, given the intensive nature of bioremediation, a thorough understanding of a
bacteria’s function must be known before being tailored to a site-specific situation. The
nature and extent of microbial degradation within constructed wetlands depends entirely
on the types, chemical structure and amount of contaminated waste that is to be treated.
The recalcitrance of compound can often be predicted by its chemical structure (Imfeld,
Richnow et al. 2009).
Bacteria can be highly versatile and very tolerant to extreme conditions as well as
have the ability to adapt quickly to changes in their environment (Baker and Herson
1994). In the case of the wetlands system, the bacteria found within is highly exposed to
the natural elements and will therefore influence their mutational agents and alter their
genetic constitution (Alexander 1981). New contamination that is added to the system
inevitably causes a change in pH along with the introduction of chemicals that stress the
microbial community, forcing them to adapt rapidly in order to breakdown the
compounds (Arnold 1986). There will be an initial lag phase in the growth of the
microbial community as it adapts to the new conditions (Baker and Herson 1994). During
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this phase, the microbial community that is best suited for the new conditions will survive
and utilize the new contaminates as a food source (Baker and Herson 1994).
Environmental conditions may also encourage adaptation and change in the
microbial community. For example, the high temperatures of the summer can cause
certain microbes to flourish under these conditions while others may fade (Juwarkar,
Singh et al. 2010). Should these conditions change too rapidly, the microbes may die off
entirely. Those that do not die off prove adaptive to the changing environmental
conditions and reproduce to create a community of a more resilient bacteria strain (Baker
and Herson 1994).
Environmental Conditions
Biodegradation of harmful chemicals is the primary function of the constructed
wetlands system (Hamilton, Nix et al. 1993). There are many factors that both encourage
and hinder the overall efficiency and removal potential of the wetlands, namely
environmental interference. The first and most influential would be temperature. In
regions, such as the southern U.S, temperatures can reach extreme highs in the summer
months and increase volatilization of some of the pollutants, such as the phenols and
furans (Langeveld, Liefting et al. 2012). Low temperatures can affect plant growth and
microbial mobility; therefore limiting the phytoremediation potential of the wetlands
(Mesquita, Albuquerque et al. 2013).
Another environmental condition that may affect the wetlands microbial
community is extreme changes in pH levels. The pH levels of the water may inhibit
growth of certain microbes and encourage the growth of others (EPA 2000). Salt and
sugar concentrations are essential to many microbial communities, therefore low levels of
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these may limit the growth of essential microbes (Baker and Herson 1994). Bacteria are
affected by varying pH levels, some thrive in highly acidic soils and water while others
prefer more alkaline levels (Juwarkar, Singh et al. 2010). By maintaining a moderate pH
level in the wetland environment, it may inhibit growth of some of the bacteria that thrive
under more extreme levels (Leahy and Colwell 1990).
The limited availability of microorganisms for bioremediation is a common
problem for certain natural environments. Some soil environments may have low
microbial communities to begin with and once effected by the contamination process, can
drop to zero (Juwarkar, Singh et al. 2010). Nutrient availability is another common
problem in the wetland system that can affect the biodegradation potential. In order to
encourage microbial growth and stability, an environment needs to have the right ratio of
nitrogen, phosphorus, potassium and carbon (Nelson and Wolverton 2011).
The biodegradation potential of the wetlands depends primarily on the type of
contaminant itself. If the contaminate has a low solubility level, difficulty in microbial
uptake could be a limiting factor (Hoodaji, Tahmourespour et al. 2013). Oxygen levels
are also a key factor that encourages the biodegradation potential of the wetlands (Baker
and Herson 1994). Without sufficient oxygen levels, aerobic bacteria would be unable to
survive and metabolize a majority of the contaminants found in the system (Hoodaji,
Tahmourespour et al. 2013).
Soils
The soil horizon within a constructed wetland plays a vital role in both the
bioremediation and environmental aspects of the system. It represents the epicenter of
interaction between plants, animals, and microorganisms within the hydrologic cycle
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(Batzer and Sharitz 2006). Minerals, organic materials, and air-filled pore space are held
within a typical wetlands soil. Hydraulic conductivity and water storage availability are
directly affected by a wetland soil’s structure, density, porosity and pore size distribution
(Batzer and Sharitz 2006).
Soil structure is made up of sands, loams, and clays and how these are distributed
influence the percolation and aeration rates as well as the water storage capacity of the
soil (Batzer and Sharitz 2006).The density of a soil relates directly to its porosity; the
fewer pores a soil has the greater its density will be. Porosity and pore size distribution
refers to the amount of air space between individual particles of soil (Mesquita,
Albuquerque et al. 2013). Soils with macro-pores have large spaces between individual
particles or large clumps of soil, whereas micro-pores occur between the smaller areas
(McCutcheon and Schnoor 2003). It is in these small pores where there is oxygen, as well
as the soil surface, that aerobic respiration occurs (Mesquita, Albuquerque et al. 2013).
An important feature of the soil within a wetland environment is the organic
matter content and its decomposition. Organic matter decomposition is slowed within the
CW aerobic conditions, thus leading to a higher accumulation rate of organic matter on
the soil surface (Batzer and Sharitz 2006).With this increase in organic matter, wetlands
soil aggregation and structural stability increases and eventually leads to higher
infiltration and degradation rates of contaminates. These conditions are ideal for aerobic
respiration of organic and inorganic materials that are being treated within constructed
wetlands (Campbell and Ogden 1999). Anaerobic respiration occurs within the CW’s
soils through the process of fermentation from the local microbial community due to the
lack of oxygen (Batzer and Sharitz 2006).
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Plant life
The plant life within a CW aids in the removal of contaminates through a number
of processes such as phytoremediation and rhizofiltration; however, each plant species
performs these roles in different ways. Plant communities of a CW differ in their species
composition, productivity and overall richness (McCutcheon and Schnoor 2003). Both
vascular plants and algae undergo photosynthesis that in turn increases dissolved oxygen
and overall nutrients reactions (EPA 2012). The plant species also impacts a number of
other functions within the wetlands such as stabilizing the sediment and thus limiting
erosion, slowing water flow and allowing suspended material to settle (EPA 2000). They
may also take up harmful contaminates through their root system and incorporate them
into the actual plant tissue (phytoremediation) (McCutcheon and Schnoor 2003). The
microfilli structures on the plant root system provide attachment sites for microorganisms
that breakdown contaminants (rhizofiltration) (McCutcheon and Schnoor 2003). All these
process can occur within a number of different plant species, however the most common
to be found in constructed wetlands are:


Reed species (Poaceae spp.)



Bulrush (Scirpus californicus)



Canna lily (Canna spp.)



Daylily (Hemerocallis fulva)



Elephant ear (Colacasia esculenta)



Iris (Iris spp.)



Umbrella Palm (Cyperus alterufolius)



Woolgrass (Scirpus cyperinus)
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Thalia (Thalia dealbata)



Parrotfeather (Myriophyllum aquaticum)



Watercress (Rorippa Nasturium-aquaticum)



Duckweed (Lemna minor)

Each of the plant species mentioned above aid in contaminant removal and
remediation in their own unique way. The aquatic plants, such as bulrush, reeds and
duckweed function primarily as heavy metal accumulators of Cd, Cu, Ni, Zn, and Pb
through the process of rhizofiltration (Susarla et al. 2002).The submerged plants species
such as the algae, parrot feather and watercress also aid in the removal and accumulation
of heavy metals through rhizofiltration (Arjoon, Olaniran et al. 2013). The floating plant
species such as duckweed and some of the lilies function as heavy metal accumulators
through the process of phytoremediation (EPA 2012). Wetland plants species can be used
to target and remove know individual contaminates such as the heavy metal Zn, however,
they are also very adaptable and can treat a wide range of other contaminants found in
water (Arjoon, Olaniran et al. 2013). This study addresses the versatility and overall
ability of a variety of wetland plants to remediate contaminated stormwater from a
thermochemical biomass processing facility.
Contaminated Water from Thermochemical Processing of Biomass
For this study, the contaminants that will be treated in the constructed wetlands
are derived from the thermochemical processing of biomass. Thermochemical processing
of biomass uses heat and catalysts to transform plant polymers into fuels, chemicals or
electric power (Brown, Sharp et al. 2006). Early biomass processing was derived from
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sugar or starch crops, whereas more current sources stem from lipids produced by
alternative crops or cellulose biomass (Houghton, Weatherwax et al. 2006). The main
chemical components of biomass are cellulose, hemicelluloses, and lignin, with cellulose
being the most abundant (Houghton, Weatherwax et al. 2006). The goal of
thermochemical conversion is the decomposition of cellulose, hemicelluloses and lignin
into fuel. This occurs at temperatures of 1000 degrees above ambient temperature in
order to rapidly process diverse biomass materials. Industrial thermochemical processing
of biomass can be categorized as combustion, gasification, fast pyrolysis, and
hydrothermal processing (Brown, Sharp et al. 2006). Direct combustion is the rapid
reaction between the biomass materials and oxygen in order to create thermal energy and
fuel (Basu 2010). Gasification is the conversion of carbon based solids into syngas at
elevated temperatures and under oxygen starved conditions (Houghton, Weatherwax et
al. 2006). Fast pyrolysis is the rapid production of liquids, gases, and char from the
thermal decomposition of organic compounds without oxygen (Basu 2010).
Hydrothermal processing occurs when wet biomass undergoes thermal treatment at high
pressures in order to produce liquid hydrocarbons (Mohan, Pittman et al. 2006). The
source of the waste water for this study comes from hydrothermal processing of biomass.
Hydrothermal Processing
Bio-oil development is one of the foremost areas of research in the field of forest
products (Daystar, Reeb et al. 2012). The United States alone produced 49.2 billion liters
in 2010 from sugar cane and corn grain derived byproducts (Steele, Puettmann et al.
2012). The use of corn grain and sugar cane has resulted in controversy with the “Food
vs. Fuel” debate, thus requiring an alternate source of bio-mass for bio-oil conversion
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(Daystar, Reeb et al. 2012). This led to the need for further research in non-food based
fuel sources such as pine trees and other renewable organic bio-mass.
The goal of hydrothermal processing is to provide a sustainable, low-cost, nonfood biomass into a hydrocarbon-based renewable crude oil (Basu 2010). Many
companies combine the hydrothermal biomass conversion technology with standard
refining equipment in order to processes renewable crude biomass into gasoline and
diesel blend stocks (Demirbas 2001; KiOR 2013). This adds to the existing transportation
fuel infrastructure for use in vehicles on the road today (KiOR 2013).
Many current hydrothermal processing companies incorporate their own
proprietary catalyst system in order to reduce the time it takes to produce oil to a matter
of seconds (Demirbas 2009). These catalysts are merged with the existing Fluid Catalytic
Cracking (FCC) process. The FCC is a standard technology that has been in use since the
early 1950’s (Klass 1998). Biomass Fluid Catalytic Cracking (BFCC) is a method where
biomass is processed in a standard hydro-treater with a proprietary catalytic cracking
technology (KiOR 2013).
The BFCC process begins with the harvesting of local biomass that includes
forest products, energy crops, agricultural residuals, and other cellulosic biomass (Klass
1998). After the biomass has been harvested and delivered to the facility, it is then
processed, conditioned and prepared for conversion (KiOR 2013). The biomass is fed
into the reactor where the proprietary catalyst is added. In a very short amount of time, a
crude oil is produced as the primary product. Other byproducts such as light gases, water,
and coke are produced in small amounts as well (Basu 2010). The crude oil, byproducts,
and catalyst then exit the reactor and are sent to the separator. The separator removes the
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catalyst from the crude oil and by products. The catalyst is then sent to the catalyst
regenerator where it is burned off the coke which has adhered to it and is recycled back
into the reactor to be used once again (KiOR 2013).
The crude oil and byproducts move from the separator to product cooled and
separated in product recovery (Basu 2010). Here, the light gasses are burned for
electricity and the oil is condensed into liquid. Lastly, the liquid crude oil is sent to the
hydrotreater where it is then refined into gasoline and diesel blendstocks using an
upgrader (Demirbas 2009). The final refined oil can then be combined with existing fossil
fuels and used in to the county’s current liquid fuel consumption (KiOR 2013).
Pollutants
Industrial biomass conversion sites contain a number of contaminates that are
found in the stormwater runoff. These include petroleum hydrocarbons, benzene, toluene,
ethylbenzene and xylene (BTEX), as well as other residual chemicals derived from
vehicular use. The other pollutants that will be covered in this study are a result of the
contaminated waste water derived from the bio-oil process such as aldehydes, ketones,
carboxylic acids, phenols, and furans (Klass 1998; Basu 2010; Caldeira-Pires, Da Luz et
al. 2013).
Petroleum hydrocarbons
A major source of petroleum hydrocarbon contamination in stormwater occurs
from leaks or spills from underground storage tanks, the production and transport of
petroleum products, and everyday vehicular use such as runoff from parking lots and
roads (Leahy and Colwell 1990). The process of bioremediation is a very viable method
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that is currently used for the removal and degradation petroleum products as well as
hydrocarbons such as alkanes and aliphatic hydrocarbons.
The two main methods for biodegradation of petroleum hydrocarbons include
bioaugmentation and biostimulation (Wilson and Jones 1993). Bioaugmentation occurs
when oil-degrading bacteria such as Arthrobacter, Burkholderia, Mycobacterium,
Pseudomonas, Sphingomonas, and Rhodococcus are added to supplement the existing
microbial population and further encourage breakdown (Leahy and Colwell 1990; Ye,
Siddiqi et al. 1995; Potin, Veignie et al. 2004). Biostimulation occurs when additional
nutrients are added to encourage the growth of indigenous oil degrading bacterium
(Wilson and Jones 1993).
There are several environmental and laboratory conditions that can enhance the
breakdown and bioremediation of petroleum hydrocarbons. First, the addition of bulking
agents and organic material is effective in increasing the bioavailability and promoting
ideal bacterial growth conditions (Leahy and Colwell 1990). Next would be to create
aerobic conditions in order to increase the rate of breakdown that occurs under this
environment rather than an anaerobic one (Wilson and Jones 1993). Also, by adding
surfactants to the environment, it will enhance solubility and the removal efficiency of
the contaminants (Wilson and Jones 1993). A higher environmental temperature will
further encourage breakdown because the rate of biodegradation generally decreases with
a lower temperature (Leahy and Colwell 1990).
BTEX
Benzene, toluene, ethylbenzene and xylene, or BTEX, are monoaromatic
hydrocarbons linked to petroleum products. These contaminates often occur from
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leakages of underground storage tanks and take place primarily in underground water
tables or aquifers phosphorus (Njobuenwu, Amadi et al. 2005). These contaminates are
considered a great environmental concern due to their toxicity and carcinogenic effect on
humans. The biodegradation potential of BTEX is very efficient as well as a nondisruptive and cost-effective form of environmental remediation (Wilson and Bouwer
1997). Similar to petroleum hydrocarbons, the rate of biodegradation of BTEX
contaminants can be enhanced through the addition of nutrients, such as nitrogen and
phosphorus (Njobuenwu, Amadi et al. 2005). Also, by the simple addition of oxygen to
an anaerobic site contaminated by BTEX can help encourage breakdown (Wilson and
Bouwer 1997). By targeting specific BTEX degrading bacteria such as Sphingomonas sp.
and adding those to a contaminated site will also greatly encourage breakdown (Zylstra
and Kim 1997).
Aldehydes
Aldehydes are organic compounds that are found in many fragrances and are
produced on a massive scale to perform a variety of different functions. For example,
formaldehydes are produced at around six million tons a year and are used in the
production of resins (El-Sayed, El-Baz et al. 2006). For the purpose of this study,
furfurals will be the primary aldehyde focus for discussion. Furfurals are aldehydes that
are derived from agricultural byproducts such as corn, wheat, sawdust, etc (Kumar and
LaBelle 2011). This organic compound occurs as a byproduct of the degradation of
biomass and inhibits the fermentation of glucose and can thus inhibit efficient formation
of a product (Laine, Ahtiainen et al. 1997). There are several bacteria that can biodegrade
furfural to methane or carbon dioxide. For example, furfural can be degraded by E. coli
31

and yeast into furfuroyl alcohol (Kumar and LaBelle 2011). The bacteria Pseudomonas
putida can also degrade furfural to 2-oxoglutaric acid groups (El-Sayed, El-Baz et al.
2006). Furfural is only slightly soluble in water and other alkanes but can easily dissolve
in most polar organic solvents (Kumar and LaBelle 2011).
Ketones
Ketones are used in industry for solvents, polymer precursors and for
pharmaceuticals (Multer, McGraw et al. 2013). For the purpose of this study, the primary
focus will be on methyl ethyl ketones (MEK). Methyl ethyl ketones or butanone is used
primarily as a solvent in the production of resins because of its high boiling temperature
and slow evaporation rate (Multer, McGraw et al. 2013). MEK is highly soluble in water
and can be biosynthesized by some trees (Chan and Peng 2008). The majority of MEK
waste found in the environment occurs in the air. The biodegradation pathway of MEK in
the atmosphere occurs when it reacts with hydroxyl radicals and thus produces
acetaldehyde (Chan and Peng 2008). In the soil, MEK is highly volatile and will
volatilize into the air after it undergoes photolysis, or leaches from the soil by water
(Multer, McGraw et al. 2013). In the water, MEK will almost always undergo
volatilization. The degradation pathway of MEK begins with 2-butanone oxidase and is
then broken down into ethyl acetate (Chan and Peng 2008). From this state it can either
become acetate or an ethanol that will then be broken down into acetaldehyde (Multer,
McGraw et al. 2013). This degradation pathway can be enhanced through in situ methods
by allowing the microbial community found in the soil to break down the contaminant
(Chan and Peng 2008).
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Carboxylic acids
Carbolic acids are the most common type of organic acids and are a broad
classification of acids found in abundance with both salts and esters (Kannel and Gan
2012). Many are produced on an industrial scale and also occur frequently in nature.
They are produced to make polymers, pharmaceuticals and solvents. They can be soluble
in water, have a higher boiling point than water and are considered a relatively weak acid
(Kannel and Gan 2012). Carboxylic acids most simple biodegradation pathway occurs
through the conversion into alcohol either through hydrogenation or by ß-oxidation
(Toor, Han et al. 2013). Depending of the type of carboxylic acid the pathways for
biodegradation can usually be enhanced through the addition oxygen to a contamination
site (Toor, Han et al. 2013).
Phenols
Phenols are a naturally occurring as well as a synthetic class of chemical
compound (PentaCouncil 1996). They are made up of a hydroxyl group that is directly
bonded with an aromatic hydrocarbon group (Crosby 1981; PentaCouncil 1996). They
are used for the production of plastics and nylon fabric and are found naturally in organic
matter such as animal waste (Crosby 1981; PentaCouncil 1996). Depending on the actual
compound, phenols can be volatile, soluble in water and absorbed by plant uptake
(Järvinen and Puhakka 1994; Frisbie and Nies 1997). The biodegradation pathway of
phenols by the Pseudomonas strain of bacteria begins by denitrification forming a
phenylphosphate, which is then further metabolized into hydroxybenzoate and then to
benzoyl (Lamar and Dietrich 1990; Järvinen and Puhakka 1994). Other than the
Pseudomonas sp. strain, Clostridium sp. is also know to biodegrade phenols (Panneton,
33

Ramsay et al. 1995; Rutgers, van Bommel et al. 1998). Phenol biodegradation is sensitive
to both pH and temperature, therefore in order to enhance the degradation pathways; it is
recommended that an average pH of 6.3 and a temperature of 30o C be maintained
(PentaCouncil 1996; Rutgers, van Bommel et al. 1998).
Furans
Furans such as dibenzofuran are a colorless organic compound that is both highly
volatile and soluble in most organic liquids (Eggen and Sveum 1999; Unknown 1998).
The most common industrial compound of furan used today is creosote, which is used as
a wood preservative (Unknown 1998). Creosote is a mixture of over 200 compounds,
some of which are furan, however, creosote is not purely comprised of furans (Eggen and
Sveum 1999). Furans can also be found in some heat-treated foods and often occur as a
by-product from the pulp and paper industry through the thermal decomposition of high
cellulose solids like pine woods (Kenne and Lema 1994). There are several microbial
species that have been found to successfully degrade dibenzofuran; Sphingomonas,
Brevibacterium, Terrabacter, and Staphylococcus auricularis (Mueller, Chapman et al.
1989; Mueller, Middaugh et al. 1991; Kenne and Lema 1994; Juhasz, Britz et al. 2000).
The degradation pathway of dibenzofuran begins with the conversion to
trihydroxybiphenyl to 2-hydroxy-6-oxo-6- (2-hydroxyphenyl) -hexa-2, 4-dienoate
(HOHPDA), and can terminate in the final stage of either salicylate or 2-oxopent-4enoate (Ouellette and McLeish 2013). These pathways can be encouraged if a mild
temperature (15-25C) is maintained and by ensuring that the carbon/nitrogen/phosphorus
ratio is met (Laine, Ahtiainen et al. 1997; Ouellette and McLeish 2013). The addition of
surfactants also aids in the degradation of furans (Ouellette and McLeish 2013).
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Microbial Processes
There are many ways of dealing with contaminates that are often found in water
such as filtration, absorption through plant uptake, volatilization, and the microbial
activity within a constructed wetland (Baker and Herson 1994). These microbial activities
that break down contaminates by altering the reduction and oxidation conditions of the
pollutants (Vidali 2001). This increases the processing capacity of the wetland system as
a whole. Similar to plant species, the microbial community also adjusts to the change in
water quality conditions (Batzer and Sharitz 2006). This characteristic enables microbes
found in constructed wetlands to be versatile to a wider variety of contamination levels
and types (Weaver, Zablotowicz et al. 2012). However, microbial processes are sensitive
to extreme environmental conditions such as temperature or pH levels (Weaver,
Zablotowicz et al. 2012). Care should be taken within a CW in order to avoid these
conditions in order to increase bioremediation efficiency of the microbial community.
Some of the dominating organisms that are often found in a constructed wetland system
are ones that can break down hydrocarbons, aldehydes, ketones, carbolic acids, and
phenols (Vymazal 2011; Weaver, Zablotowicz et al. 2012; Zhao, Li et al. 2012). These
include but are not limited to Rhodococcus aetherivorans, Archaeoglobus, Borrelia
burgdorferi, and Achromobacter (Nelson and Wolverton 2011; Ansola, Arroyo et al.
2014).
Overview of Research
This study proposes to amend the bio-oil waste contaminated storm water runoff
from biomass conversion through a simulated constructed wetland. It is the hypothesis of
this study that the contaminated rainwater can be remediated by constructed wetlands and
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safely released back into the native waterways. The results of this study determine if
wetlands can rapidly reduce the levels of bio-oil contaminated stormwater runoff. It also
discusses what levels of bacteria microbial communities occur during contamination and
how they fluctuate during the break down of toxins. Previous studies at the Sustainable
Bioproducts Department at Mississippi State University have demonstrated the feasibility
of kenaf fiber and wood shavings to remove toxins and crude oil from the Bio Oil waste
water. This study provides a foundation to future research on Bio-oil waste water
contaminated stormwater and its remediation by constructed wetlands.
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METHODOLOGY

Introduction
A modified constructed wetland was established and examined in order to better
understand what range of stormwater contamination levels, when tested against a series
of constructed wetland microcosms, will most rapidly provide the best overall water
quality. To do this, a single unit of six constructed wetland microcosms were constructed
and analyzed against six phases of varying contaminated stormwater levels. The
contaminated water that was used in this study was taken from a Bio-mass conversion
company and contained bio-oil waste water. According to CWA and the EPA standards
for clean water, a series of tests were then completed on the sampled water in order to
determine the levels of microbial communities and water quality after each phase of
contamination (CWA 1972, EPA 2005). The results from each phase were evaluated in
order to determine at what concentration of contamination the constructed wetlands
provides the best overall water quality.
Wetlands Construction
The experimental constructed wetlands were assembled in the spring of 2013 in
order to allow time for the plants and soil microbial community to establish before the
initial contamination phases began. The wetland containers consisted of six large plastic
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bins roughly 66cm L x 40cm W x 33cm H. These bins were organized in two rows of
three and were connected by two separate pipes and valves (see Figure 2.1). The first
pipe in each bin was located roughly 10cm from the bottom right corner and functioned
as the primary flow through point for the water. The second valve/pipe was located 10cm
from the top center point of each bin and functioned as an overflow relief in the case of
major rain events. The water flow was managed by a small scale aquatic pump located at
the front of the first bin.
The sediment for the first bin consisted of 8cm of pea gravel followed by 10cm of
sand. The remaining 5 bins consisted of 4cm of pea gravel, followed by 6cm of sand and
4cm of wetland clay soil. The soil was collected from a local wetland and stream bank in
Starkville, MS. Once the gravel, sand, and soil were established, the native wetland plant
species were then added.
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Figure 2.1

Constructed wetlands structure and construction.

The second image is the constructed wetlands with the established native plants before
beginning Phase 1.

Plant Species
As stated in Chapter I, there are a variety of plant species used in constructed
wetlands that serve the primary function of pollution reduction and removal. However,
for the purpose of this study, we used primarily native wetland species found in USDA
plant zone 7a and 7b (EPA 2000). The plant species were arranged randomly throughout
five bins. The first bin did not contain any plant species because it functioned only as a
filtration stage of the total cycle. The next four bins contained a variety of wetland plant
species. These plant species include bullrush, softrush, water hyacinth, duckweed,
pickerelweed, duckpotato, native canna, buttonbush, cutgrass, and native lotus (See
Figure 2.2). The last bin only contained bullrush reeds in order to maintain the clearest

39

water quality. After phase three of the sampling, the new wetland plants were
reestablished during the spring of 2014.

Plant Species

Botanical Name

Giant Bulrush
Schoenoplectus californicus
Soft rush
Juncus effusus
Water hyacinth
Eichhoria crassipes
Duckweed
Lemna minor
Pickerelweed
Pontederia cordata
Duckpotato

Sagittaria latifolia

Native canna
Thalia dealbata
Button bush
Cutgrass

Cephalanthus occidentalis
Leersia hexandra

Native lotus

Figure 2.2

Nelumbo lutea

Phytoremediation
Function
heavy metal and crude
oil, aid in aeration
Ammonia, Anthracene,
Arsenic, Nitrate,
Nitrogen, Phosphate
cadmium, chromium,
mercury, lead, zinc,
cesium, strontium-90,
uranium, and pesticides
bacteria, nitrogen,
phosphates, and
explosives wates

Orientation
emergent in
generally 2 -3 feet
water

Size

5-10 ft

rooted at waters
edge

5 ft

Free Floating
(sometimes
rooted)

3 ft

free floating
emergent ( though
pesticide waste and high
can occasionally
calcium levels
float)
dissolved nutrients, BOD,
TKN, TP
emergent
heavy metals, nitrogen,
phosphorous and
radioactive nuclides
emergent
erosion control, TSS
emergent in
removal
shallow waters
Cr Pb and Zn and other
heavy metal removal
emergent, floating
emergent and free
organic polutants
floating

.5 - 1 in

3 ft
1-4 ft

4-5 ft
up to 20 ft
4 ft
2.5 - 6 ft

A list of the plant species used in the constructed wetlands and the
biological function each plant serves in the remediation process.

The Contaminated Stormwater
The contaminated stormwater used for this study consisted of rainwater harvested
from the rooftops found on the research facility and then contaminated at controlled
levels with bio-oil waste water acquired from a local bio-mass conversion facility. The
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rainwater harvested onsite was found to be consistent with what would normally occur
from any storm event in the area. The water was collected in 240L garbage bins and later
contaminated for each phase of the study. The bio-oil waste water was obtained for a
previous study and was used to simulate the quality of contamination that would be found
in the stormwater runoff from a biomass conversion facility. As previously discussed in
Chapter 1, the pollutants that are a direct result of the waste water derived from the biooil conversion process include aldehydes, ketones, carboxylic acids, phenols, and furans.
Other contaminates that are found in the stormwater runoff of an industrial biomass
conversion would consist of petroleum hydrocarbons, benzene, toluene, ethylbenzene and
xylene (BTEX), as well as other residual chemicals derived from vehicular use.
The initial contamination took place after the wetland plant and soil populations
had established themselves over a period of twenty days and were able to withstand
testing. During Phase 1, the contamination level was relatively low in toxicity in order to
acclimate the plant and microbial species to the new toxins. This phase lasted three weeks
rather than two in order to test the durability of the plant and microbial communities.
Phase 1 of the contamination level begin with a dilution of 1000x or 230ml/240L of
stormwater. In Phase 2 the contamination level was doubled to 500x dilution, or 630ml/
240L of stormwater. During phase 3, the contamination level was increased to 300x, or
830ml / 240L of stormwater. During Phases 4, 5, and 6 the contamination level was
increased to 100x or 2.5L/ 240L stormwater (see Figure 2.3). At each phase of
contamination, the contaminated water was mixed in the 240L garbage bin full of
harvested stormwater and was then pumped through the six microcosm bins until a steady
water level was maintained. The stormwater levels were maintained manually at a level
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of 60L per microcosm in order to prevent a severe decrease in volume from evaporation
or other environmental conditions. The water that was added was uncontaminated
rainwater thus preserving the initial levels of toxins.

Figure 2.3

Graph represents the 4 different levels of Contamination at each of the six
Phases within a total volume of 240L rainwater tank.

Sampling
Two rounds of samples were taken after each of the six phases of contamination
from each wetland microcosm as well as the contaminated water and uncontaminated
rainwater. Both the soil and water were sampled at each phase. Each round of sampling
occurred ten days apart within each phase and took place over two years (see Table 2.1).
The first three phases (1-3) were of gradually increasing contamination in order to
determine the robustness of the constructed wetlands. The final three phases (4-6) were
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identical in their contamination levels in order to establish statistical relevance and
observe seasonal impacts. The samples were then measured for the following pollution
and water quality levels: biological oxygen demand (BOD), Micro-toxicity, pH,
microbial counts, and microbial bacteria community (TRFLP) of both soil and water. All
results were processed within one -two days of the sampling event. The BOD samples
were sent to the Enviro Lab in Starkville to be processed.
Table 2.1

Contamination Timeline

Event

Contamination dilution

Dates Sampled

Air Temperature (avg.)

Phase 1

1:1000

6/17/13 – 6/26/13

78 - 80

Phase 2

1:400

7/17/13 – 7/26/13

80 - 71

Phase 3

1:300

8/09/13 – 8/19/13

81 - 74

Phase 4

1:100

6/20/14 – 6/30/14

78 - 80

Phase 5

1:100

8/08/14 – 8/18/14

80 - 79

Phase 6

1:100

11/03/14 – 11/13/14

50 - 32

Laboratory Procedures
Micro-toxicity: The Microtox test exposes phosphorescent bacterium Vibrio
fischeri to test samples, and measures the toxic effect of the sample on the organisms.
Microtox is a relatively fast and simple bioassay technique for measuring acute toxicity
levels. This procedure uses the standardized test organisms, typically the bacteria
Photobacterium phosphoreum. The micro toxicity levels of each water sample were
measured according to Microtox® Model 500 (M500) 100% toxicity procedure for
sample with relatively low toxicity. Five individual control samples were used to
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compare the results of each of the following four samples that could be measured in each
round. The phosphorescent bacterium is prepared by mixing the isolated sample of
bacteria provided by the M500 kit with 1.5ul of a reconstitution solution also specified by
the M500 kit. The five control samples consisted of .05g of Sodium Chloride (NaCl),
10ul of prepared bacterium solution, and .5 ml of Reconstitution Solution. The individual
samples that were to be analyzed consisted of 10ul of prepared bacterium solution, 500ul
of reconstitution solution and 0.05g of NaCl. The samples were tested using the
Microtox® photometer as it measures the light levels after five and fifteen minutes after
the addition of the bacteria to each sample, and the reduction in light output is what
determines the toxicity of each sample.
Biological Oxygen Demand (BOD) levels:
Determining the biological oxygen Demand (BOD) of each sample is one of the
primary tests required by the EPA and NPDES for water quality control. The BOD refers
to the amount of dissolved oxygen that is being consumed by the organisms found in the
water such as certain aerobic bacteria and protozoa. This depletes the available oxygen
needed by the other aquatic organisms including marine life and plant species. Each
sample obtained from the constructed wetlands followed the standard EPA Method
5210B protocol. The initial step was to obtain three 500ml aliquots of water from each
microcosm and measure for dissolved oxygen (DO) using an oxygen meter to measure
the total concentration of oxygen of each sample. Then, a series of chemical solutions are
added to the samples and diluted to 1L. Next, 250 ml of each sample was then transferred
into two 300 ml BOD incubation bottles and diluted with ~250mg of a sodium thiosulfate
titration cartridge and distilled water solution according to estimated levels of expected
44

dissolved oxygen concentration. The samples were then sealed and placed in a dark
facility at 20 °C for five days in order to prevent photo-degradation of dissolved oxygen.
After five days, the samples’ dissolved oxygen levels were read again using an oxygen
meter. The BOD level is then assessed by subtracting the second oxygen reading from the
first.
BOD = DO (mg/l) of 1st bottle – DO of 2nd bottle

(2.1)

All BOD samples of water for this study were analyzed by The Enviro- Lab INC.
in Starkville, MS. The BOD levels were then compared to allowable levels of discharge
for individual treatment facilities (See Table 2.2).
Table 2.2

Allowable discharge levels of BOD according to the EPA

Type of Water

BOD
(mg/l)

Unpolluted, natural water

<5

Raw sewage

150-300

Wastewater treatment plant

8-150

effluent

pH:
The pH is not always an issue with stormwater runoff from parking lots but is a
major concern for overall water quality. The samples from the contaminated water were
measured for pH using a standard pH meter. The results were then compared to the EPA
industrial discharge limitation of pH levels to remain within a range of 6.0 -9.0.
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Microbial Population Counts:
The microbial count procedure measured how the contamination changed the
number of bacteria over time. During all six phases of contamination, 10ml of the
constructed wetland water was sampled for microbial community counts. The most
probable number (MPN) method for determining microbial population counts was used
for this study. Using Difco™ nutrient agar, 23g of powdered was added to 1L of purified
water and mixed thoroughly. The mixture was then autoclaved at 120 °C for 15 minutes
and then cooled before 20ml of the solution was poured onto sterile petri dishes. In 15ml
test tubes, 9 ml of sterilized water was measured out in series of four for each sample.
Once measured, the water was then autoclaved at 120 °C for 15 minutes and then cooled.
Then the original samples of water from each microcosm were serially diluted into sterile
water tubes by adding 1ml of water to the first 9ml tube and mixed thoroughly, then 1ml
of the now 10ml first tube was added to the second 9ml tube and mixed again. This step
was repeated for each consecutive tube resulting in dilutions ranging from x101 to x104.
Then, 250μL of the x104 dilution tube was plated onto the prepared petri dishes, and
stored upside down in an incubator at 35°C for 3-5 days. After incubation, the bacteria
colonies were then counted and recorded for each sample. A total of three repetitions
were completed for each sample.
Water DNA Extraction:
The DNA extraction for the water required 250ml to be taken from each
microcosm at each sampling time for each of the three repetitions. The water was then
filtered onto a 47mm sterile water membrane (Fisherbrand 0.45um mixed cellulose
Esters) using a vacuum source attached to an Erlenmeyer flask. It is during this phase that
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the bacteria were trapped on top of the filter membrane and separated from the
contaminated water. Following the MO BIO PowerWater® DNA Isolation Kit protocol,
the membrane was then inserted into the 5ml MO BIO PowerWater® bead tube for
efficient bead beating and homogenization in the further steps. The lysing agents used in
this protocol include a detergent that breaks the cell walls and remove non-DNA organic
and inorganic material. After the DNA is sufficiently separated from the salt and other
non-DNA components, it is filtered through a silica Spin Filter membrane. Once
complete, 100μL of DNA for each sample was then ready for any downstream
application.
Soil DNA Extraction:
The DNA extraction for the soil required 2 grams of soil to be taken from each
microcosm at each sampling time for each of the three repetitions. Following the MO
BIO PowerSoil® DNA Isolation Kit protocol, the soil was then inserted into the
PowerSoil® bead tubes and vortexed briefly to mix. An SDS agent was then added to the
samples that aides in cell lysis and the breakdown of fatty acids and lipids found in the
cell wall membranes. The samples were then mechanically shaken in order to break open
the cell walls and allow maximum DNA yields. The samples were further processed by
adding agents that precipitate non-DNA organic and inorganic materials. Once the DNA
was sufficiently separated from non-DNA materials such as humic acid, cell debris, and
proteins, it was filtered onto a silica membrane Spin Filter. Once complete, 100μL of
DNA for each sample was then ready for any downstream application.

47

Polymerase Chain Reaction (PCR):
Once the DNA was extracted from the soil and water samples, it was then
amplified using an Eppendorff Master-cycler®. A 16S rDNA labeled forward primer (5′AGAGTTT GATCCTGGCTCAG-3′) and a reverse 16s primer (5′ACGGGCGGTGTGTRC-3′) was used to amplify selected labeled pairs (Liesack and
Dunfield 2004). A master mix for 20 samples was then created, using 20μL of both the
forward and reverse labeled primers, 50μL of 5x buffer, 200μL MgCl, 30μL
dexynucleotide triphosphate (dNTPs), 460μL ddH20, 20ul Bovine Serum Albumin
(BSA), and 10μL Taq DNA polymerase. An initial hot start at 94°C for 4 minutes of
10μL of the diluted template DNA was used in order to reduce nonspecific priming and
increase DNA yields. After the hot start, the DNA samples were placed in a cooling
bench in order to halt any enzymatic activity while the master mix was added. A 40μL
amount of master mix was then added to the 10μL diluted template DNA for total volume
of 50μL for each reaction. The samples were then returned to the Master-cycler® for a
total of 39 cycles to complete amplification (melting at 95°C for 35 seconds, annealing at
55°C for 55 seconds, extension at 72°C for 1 min, and a final extension at 72°C for 10
minutes).
A 10μL sample of amplified DNA was then mixed with 2μL of 6X loading dye
(Bromophenol Blue (0.25%), Xylene cyanol FF (0.25%), Ficoll in water (15%)) and
loaded onto a 2.0% agarose electrophoresis gel in order to determine sufficient
amplification of the targeted DNA fragments (see Figure 2.4 and 2.5). The fragment sizes
were confirmed by adding a 100 base pair ladder to the gel in order to measure the range
of amplified DNA. The remaining amplified DNA underwent a restriction enzyme digest
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that cut the DNA into fragments using OPTIZYME™ TaqI, Fisher BioReagents™ at
65°C for 3 hours. A 2% electrophoresis gel was then used to verify the digest. In order to
remove any residual PCR reagents, the remaining DNA was then filtered following the
manufactures protocol of a PCR clean-up kit (NucleoSpin® PCR Clean-up).

Figure 2.4

Gel image on a 2% agarose gel.

Bands are bacteria DNA amplified using the 16S 1F – 16S 1R primer set from water
samples from phase 1 of the constructed wetlands. The multiple bands in the left are
DNA ladders used to size the amplified fragments.
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Figure 2.5

Gel image on a 2% agarose gel.

Bands are bacteria DNA amplified using the 16S 1F – 16S 1R primer set from soil
samples from phase 1 of the constructed wetlands. The multiple bands in the left are
DNA ladders used to size the amplified fragments.

Fragment Analysis:
This portion of the study followed the Beckman Coulter GenomeLab Fragment
Analysis Protocol. First, 5μL of digested sample as well as 30μL of sample loading
solution (SLS) plus size standard 600 (Beckman Coulter) was loaded in a 96 well plate
and then covered with a single drop of sterile mineral oil. Using a Beckman Coulter
CEQ 8000 DNA analysis system, the fragments were then analyzed for individual
community fingerprints. Each sample generated an array of peaks that corresponded to
the unique fragment sizes. Only samples that had a strong PCR amplification were used,
being that the initial DNA samples were low do to the nature of environmental DNA
extraction. The samples with low or no DNA bands in the gels were not used and were
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separated manually. Once the sample were successfully sequenced, the resulting
fragment data was manually screened and corrected in order to separate the artifacts and
low quality fragments from the subsequent T-RFLP data. Using the Bin function in the
CEQ fragment analysis software, this data was then combined in order to create a data
matrix of individual bacteria species or operational taxonomic units (OTU). These
species were identified by their unique size fragment that was associated to the individual
samples and where they originated. The resulting data matrix was displayed as the
presence or absence data in a binary file and then formatted for further analysis.
The binary data corresponding to presence or absence of detectable bacterial
taxonomic unit was then further analyzed for species richness and diversity with PCORD v5.0®. The software calculated for species richness and diversity using both
Shannon’s and Simpson’s index. Shannon’s index measure richness and diversity while
taking into account species evenness. The calculation for Shannon’s index is: (H) = s

Σi=1pilnPi . Simpson’s index measures the proportion of individual species in a sample

and its contribution to the total number of species. The calculation for Simpson’s Index
is: (D) = 1/sΣi=1Pi2 (Kirker, Prewitt et al. 2012).
The PC-ORD was also used to graphically display the differences between the
bacterial communities found in each sample. The software uses a Non-metric
multidimensional scaling (NMDS) search algorithm that finds the optimal difference
between n species on k dimensions. A graphical representation is then provided that
displays the individual samples and their orientation to the species composition (Kirker,
Prewitt et al. 2012) The NMDS is used to observe the changes in the bacteria community
and the similarity and differences of each sample when compared to external variables.
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The Jaccard’s measure was the function used to define the distance measurement for all
of the T-RFLP analysis for each species. The default setting of “quick and dirty” was
search method that was used and the classification variables for each search was; Day,
Microcosm, Phase and soil/water.
Statistical Analysis
A statistical analysis of the each of samples and the results from each experiment
was conducted using Microsoft Excel 2010©. A standard T-test was used to compare the
results from each of the microcosms (M1-M6), Phases (Phase 1-6), and days of extraction
(Day 0 and Day 10) for BOD, Micro-toxicity, and T-RFLP. The two-tail p-value was
used to determine whether the sample mean was greater or less than the alpha level of
0.05. The results from each t-test were displayed in a bar graph that depicts statistical
significance with differing latter representing different means.
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RESULTS

Introduction
This chapter presents results from the experiments described in Chapter 2. These
results were selected and analyzed in order to fulfill the objective of this study; to
determine at what concentration of contamination the constructed wetlands provides the
best overall water quality. This chapter is divided into six sections based on the results of
each variable being assessed by the constructed wetlands. These results include the water
pH, BOD, water microbial colony counts, micro-toxicity levels, and T-RFLP analysis of
both soil and water bacteria DNA. A complete copy of the results, as well as the complete
data set is available in the Appendix A.
pH Results
According to the EPA (2012) and Clean Water Act (CWA 2012), permissible
discharge limits for stormwater pH levels should remain within a range of 6.5 to 8.5. The
vast majority of the pH results were found to meet permissible discharge levels after ten
days within the wetlands (see Figure 3.1). During Phase 1-3, the pH levels underwent a
rapid increase of low (less than 7) or acidic values to neutral levels of pH within the first
ten days in the wetlands. During Phase 1, the contaminated water had an initial pH of 3.4
and after ten days within the constructed wetlands system the final microcosm (M6)
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peaked at 9.4 with the most alkali reading of the whole experiment (Figure 3.2 A). This
was the only case of the pH being above 8. This may have been due to the different plant
population that made up M6 and the shock of the plants to the new contaminates
prevented pH levels to drop. This anomaly was not seen in any of the other Phases of the
study. During Phase 2 the initial pH of the contaminated water was 4.5 and increased to a
neutral level of 6.5 after ten days. This was almost the same level of the clean or
uncontaminated rain water (6.8 pH) (see Figure 3.2B). Phase 3 exhibited similar results
with the initial contaminated water’s pH of 4.2 increased to a neutral 6.5 after ten days
(see Figure 3.2C).
Phase 4, 5 and 6 had a significant increase in contamination, however the pH
responded similar to the first three Phases with lower contamination over the ten day
cycles. The initial pH of Phase 4 increased from 4.2 to 7.2 (Figure 3.3A) and Phase 5 pH
increased from 4.4 to 7 after ten days within the constructed wetlands (Figure 3.3B).
Phase 6 had an initial pH of 4.3 (M1) and after ten days it increased to 6.6 (M6) (see
Figure 3.3C).
The pH of the control samples of the clean rainwater (CRW) remained consistent
throughout all six Phases. During Phases 1-3, the CRW remained 6.8 during both
sampling times. During Phases 4-6, the pH remained at 8 for all the sampling events.
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Figure 3.1

The pH levels of the water samples from each of the six microcosms (M1 –
M6) compared to the contaminated stormwater (CON) and the clean rain
water (CRW) control samples.

Each line represents a trend in pH over each of the six microcosms compared to each of
the six Phases. The pH levels are measured on a range of one to ten.
The contaminated waste water control samples (CON) saw an increase in pH after
every ten day sampling unit over all six Phases. During Phase 1, the CON samples
increased from 3.4 to 6.8. In Phase 2, the CON samples increased from 4.5 to 6.5. Phases
3 CON samples increased from 4.2 to 5.7. During Phase 4, the CON samples increased
from 4.2 to 6. Phase 5 and 6 had similar CON pH levels with an initial pH of 4.4 for both
Phases and after ten day, Phase 5 increased to 5.1 and Phase 6 increased to 4.7. The
contaminated water control samples high pH is likely due primarily to the high
concentration of aldehydes found in the waste water. The increase in pH to a neutral
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range for all six Phases can either be credited to the volatile nature of the aldehyde rich
contaminated water or the interaction with the C02 levels in the outside air.
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Figure 3.2

Phases 1 - 3 (A-C) water pH Results measured on a scale from 1-10
comparing samples taken from the initial contamination (Day 0) to samples
taken after ten days within the constructed wetlands system (Day 10).
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Figure 3.3

Phase 4 – 6 (A-C) water pH Results measured on a scale from 1-10
comparing samples taken from the initial contamination (Day 0) to samples
taken after ten days within the constructed wetlands system (Day 10).
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Biological Oxygen Demand (BOD) Results
The BOD levels of the first three phases of the study were substantially reduced
for all treatments after ten days within the constructed wetlands (see Figure 3.4). Phase 1
samples decreased from 109mg per L to 2.3mg per L (Figure 3.5A). Phase 2 samples
lessened from 220mg per L to 6mg per L (Figure 3.5B). Phase 3 samples were reduced
from 167mg per L to 6mg per L (Figure 3.5C). However, control samples of the
contaminated water also saw a change in levels likely due to volatilization after ten days
exposed in open containers as apparent from BOD results.

Figure 3.4

The BOD levels of the water samples from each of the six microcosms (M1
–M6) compared to the contaminated stormwater (CON) and the clean rain
water (CRW) control samples.

Each line represents a trend in BOD levels over each of the six microcosms compared to
each of the six Phases. The samples are measured in milligrams per liter on a range of 0
to 400.
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As opposed to the first three phases, Phase 4 and 5 saw very little change in BOD
after ten days in the constructed wetlands and Phase 6 saw an increase in BOD levels.
The initial BOD level of Phase 4 was 100mg per L and decreased to 57mg per L (Figure
3.6A). Phase 5 had an initial BOD level of 94.5mg per L and was reduced to 86.1mg per
L (Figure 3.6B). During Phase 6, the initial BOD level was 300mg per L and increased to
680mg per L (Figure 3.6C).
The BOD levels of the clean rainwater (CRW), remained consistent throughout all
six phases. During the first five phases, the CRW remained below 6 during both sampling
times. During Phase 6, the BOD levels remained at 14 for all the sampling events. The
contaminated waste water control samples (CON) saw a decrease in BOD levels after
every ten day sampling unit over the first five Phases and Phase 6 saw in increase. During
Phase 1, the CON samples decreased from 126 mg per L to 33 mg per L. In Phase 2, the
CON samples decreased from 312mg per L to 8 mg per L. Phases 3 CON samples
decreased from 390mg per L to 56mg per L. During Phase 4, the CON samples decreased
from 300mg per L to 263mg per L. During Phase 5, the CON samples decreased from
332mg per L to 300mg per L. During Phase 6, the CON samples increased from 288mg
per L to 360mg per L. The increase in BOD levels during Phase 6 can either be credited
to the volatile nature of the high levels of contamination exceeding the robustness of the
wetlands or the cold weather during the sampling events.
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Figure 3.5

Phases 1 – 3(A-C) water BOD Results measured mg per liter from 0-600
comparing samples taken from the initial contamination (Day 0) to samples
taken after ten days within the constructed wetlands system (Day 10).
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Figure 3.6

Phases 4 - 6 (A-C) water BOD Results measured mg per liter from 0-1000
comparing samples taken from the initial contamination (Day 0) to samples
taken after ten days within the constructed wetlands system (Day 10).

BOD Statistical Analysis
Due to multiple comparison values, a paired t-test with an alpha level of 0.05 was
used for all statistical tests. For BOD results, there was a significant difference between
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Phases when comparing Day 0 to Day 10 (Figure 3.7). The only phase that had no
significant difference was Phase 5. There was a significant increase from Phase 1 Day 0
to Phase 2 Day 0. There was no significant difference from Phase 1-3 day 10 and Phase
4-6 Day 10. Phase 6 had the highest level of statistical difference on Day 10 as opposed
to Day 0.

Figure 3.7

Phases 1 - 6 BOD significant values as compared to the initial sampling
event (Day 0) and to samples taken after ten days within the constructed
wetlands system (Day 10).

Means with different letters are significantly different. The alpha level of 0.05 was used
for all standard t-test results.
The BOD results of Microcosm 1 (M1) and Microcosm 6 (M6) showed some
significant differences on the first sampling event (Day 0) from phase to phase (Figure
3.8A). During Phases 1 and 3, M1 BOD was significantly different from M6 on Day 0.
Whereas Phases 2,4,5 and 6 saw no significant difference between M1 and M6 on Day 0.
The results of Day 10 samples comparing M1 and M6 saw very little significant
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differences (Figure 3.8B). Phase 3 was the only phase to decrease in levels between M1
and M6 on Day 10. All other phases had similar BOD values and were not found to be
significantly different.

(A)

(B)
Figure 3.8

Graphs represent the Phases 1 - 6 BOD significant values as compared to
the initial sampling event (Day 0) (A), and the results of the samples taken
after ten days within the constructed wetlands system (Day 10)(B).

Means with different letters are significantly different. The alpha level of 0.05 was used
for all standard t-test results.
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Microbial Colony Count Results
The results from the microbial community counts were consistent for the first
three phases of the study and then shifted in the final three Phases (see Figure 3.9).
During Phases 1, 2 and 3 the microbial population was high at the initial extraction and
dropped off in growth after ten days. The average microbial count from the initial
extraction of Phase 1 was 66.9 colonies x 104 (Figure 3.10A). After ten days within the
constructed wetlands, the average colony count dropped to 11.9 colonies x 104. At the
initial extraction of Phase 2, the average colony count was 35.8 colonies x 104 and after
ten days, it dropped to 22.5 colonies x 104 (Figure 3.10B).

Figure 3.9

The microbial colony counts of the water samples from each of the six
microcosms (M1 –M6) compared to the contaminated stormwater (CON)
and the clean rain water (CRW) control samples.

Each bar represents a trend in BOD levels over each of the six microcosms compared to
each of the six Phases. The samples are measured in colonies x 104.
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The colony count during Phase 3 leveled out with an initial count of 33.3 colonies
x 104 and after ten days was reduced to 32.8 colonies x 104 (Figure 3.10C). During Phases
4 and 5 the initial contamination of wetlands reduced the microbial population to a low
count and then after ten days the population spiked. At the initial extraction of Phase 4,
the average colony count of the wetlands was 2.4 colonies x 104 and after ten days within
the system spiked to 45.5 colonies x 104 (Figure 3.11A). During Phase 5, the initial
colony count average was 1.7 colonies x 104 and after ten days was increased to 62
colonies x 104 (Figure 3.11B). At intial contamination, the wetland avarage of Phase 6
was 54 colonies x 104, after ten day it spiked to 91 colonies x 104 (Figure 3.11C).The
microbial colony counts of the clean rainwater (CRW), remained consistent for the first
three Phases. During Phases 1-3, the CRW remained at 18.4 colonies x 104 during both
sampling times. During Phase 4, the CRW population levels were 21 colonies x 104 for
the initial extraction and after ten days only increased to 22 colonies x 104. Phase 5 saw
the population spike at 105 colonies x 104 and then drop to 36 colonies x 104 after ten
days. Phase 6 CRW saw an initial population 16 colonies x 104, and then a drop to 9
colonies x 104 after ten days. The contaminated waste water control samples (CON) for
the first four Phases saw a large increase in microbial population levels after every ten
day sampling unit, whereas Phases 5 and 6 saw the opposite. During Phase 1, the CON
samples increased from 4.3 colonies x 104 to 106 colonies x 104. In Phase 2, the CON
samples increased from 11 colonies x 104 to 81 colonies x 104. Phases 3 CON samples
increased from 31 colonies x 104 to 214 colonies x 104. During Phase 4, the CON
samples increased from 1 colony x 104 to 6 colonies x 104. During Phase 5, the CON
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samples decreased from 1 colony x 104 to 0.3 colonies x 104. During Phase 6, the CON
samples decreased from 1.3 colonies x 104 to 1 colonies x 104.
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Figure 3.10

Phases 1 - 3 (A-C) water microbial colony counts measured colonies x 104
from 0-300 comparing samples taken from the initial contamination (Day
0) to samples taken after ten days within the constructed wetlands system
(Day 10).
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Figure 3.11

Phases 4 - 6 (A-C) water microbial colony counts measured colonies x 104
from 0-300 comparing samples taken from the initial contamination (Day
0) to samples taken after ten days within the constructed wetlands system
(Day 10).

69

Micro-Toxicity Results
The results from the micro-toxicity test indicated a steady decline in water
toxicity from the samples over all six phases (see Figure 3.12). During Phases 1, 2 and 3
the water samples had higher toxicity levels in the first microcosm and then steadily
decreased to lower toxicity in the sixth microcosm. During Phase 1, the initial toxicity of
the first microcosm was 67.9% and the sixth microcosm was 34.9% (Figure 3.13A). After
ten days within the constructed wetlands system the toxicity of the first microcosm
dropped to 17.3% and the sixth microcosm was reduced to 0.5%. During Phase 2, the
initial toxicity of the first microcosm was 97.4% and the sixth microcosm was 63.5%
(Figure 3.13B). After ten days within the constructed wetlands system the toxicity of the
first microcosm dropped to 84.6% and the sixth microcosm was reduced to 13.5%.
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Figure 3.12

The microbial colony counts of the water samples from each of the six
microcosms (M1 –M6) compared to the contaminated stormwater (CON)
and the clean rain water (CRW) control samples.

Each line represents a trend in toxicity levels over each of the six microcosms compared
to the clean and contaminated rainwater samples.
The micro-toxicity levels of the wetland water samples saw a much smaller
decline in toxicity during the final three phases of the study due to the high concentration
of contamination within the stormwater. During Phase 4, the initial toxicity level of the
first and sixth microcosm was 100% (Figure 3.14A). After ten days within the
constructed wetlands system the toxicity of the first microcosm dropped to 98.26% and
the sixth microcosm was reduced to 53.7%. During Phase 5 and 6, the initial toxicity
level of the first and sixth microcosm was 100% (Figures 3.14B and 3.14C). After ten
days within the constructed wetlands system the toxicity lowered slightly but still
exhibited high levels of toxicity.
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The toxicity levels of the control samples and of the clean rainwater (CRW)
remained consistent for the first five phases. During Phases 1-5, the CRW remained at
28% during both sampling times. During Phase 6, the CRW toxicity levels were 52% for
both sampling units. The contaminated waste water control samples (CON) for the first
three Phases saw a significant decrease in toxicity levels after every ten day sampling
unit, whereas Phases 4-6 saw little to no change at all. During Phase 1, the CON samples
decreased from 83% to 11% toxicity. In Phase 2, the CON samples decreased from 99%
toxicity to 39% toxicity. Phases 3 CON samples decreased from 85% toxicity to 44%
toxicity. During Phase 4- 6 the CON samples at 100% toxicity for the duration of both
sampling units.
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Figure 3.13

Phases 1 - 3 (A-C) water micro-toxicity levels measured percent toxicity
(%) comparing samples taken from the initial contamination (Day 0) to
samples taken after ten days within the constructed wetlands system (Day
10).
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Figure 3.14

Phases 4 - 6 (A-C) water micro-toxicity levels measured percent toxicity
(%) comparing samples taken from the initial contamination (Day 0) to
samples taken after ten days within the constructed wetlands system (Day
10).
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Micro-Toxicity Statistical Analysis
The same paired t-test was used to analyze the micro-toxicity significance with
the same alpha level of 0.05. For Phase 1-6 Micro-toxicity results, there was a significant
difference between Phases 2-4 from Day 0 – Day 10 and a slightly significant difference
for Phase 5 and 6 (Figure 3.15). The only Phase that saw no significant difference from
Day 0 to Day 10 was Phase 1. Phase 4-6 Day 0 was also not significantly different from
Phase 4-6 Day 10.

Figure 3.15

Phases 1 - 6 Micro-toxicity significant values as compared to the initial
sampling event (Day 0) samples taken after ten days within the constructed
wetlands system (Day 10)(B).

Means with different letters are significantly different. The Alpha level of 0.05 was used
for all standard t-test results.
The Micro-toxicity comparisons between Microcosm 1 (M1) and Microcosm 6
(M6) saw little significant difference on the first sampling day (Day 0) from Phase to
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Phase (Figure 3.16 A). Only Phase 3 had a significant decrease in % toxicity from M1 to
M6 on Day 0. Whereas the remaining Phases 1,2,4,5 and 6 had no significant differences
from M1 to M6 on Day 0. The Results of Day 10 samples from M1 and M6 saw some
significant differences (Figure 3.16 B). Phase 2,3 and 4 were the only Phases to see
significant decreases in percentage of toxicity between M1 and M6 on Day 10. All other
phases had similar % toxicity values and were not found to be significantly different.
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(A)

(B)
Figure 3.16

Graphs represent the Phases 1 - 6 Micro-toxicity significant values as
compared to the initial sampling event (Day 0) (A), and the results of the
samples taken after ten days within the constructed wetlands system (Day
10)(B).

Means with different letters are significantly different. The Alpha level of 0.05 was used
for all standard t-test results.
Bacterial Fragment Data
The T-RFLP analysis identified 6,429 individual bacterial fragments found in
both the soil and the water samples that were representative of 209 distinct taxonomic
units (phylotypes). There were a total of 3,171individual fragments detected in the water
bacteria DNA and 3,258 fragments identified in the soil bacteria DNA samples. The T77

RFLP data was exported into PC-ORD v5.0 in order to determine species richness and
diversity. The results from the Soil microbial species richness (Figure 3.17) display a
trend in similarities from Day 0-10 but not always from Phase to Phase.

Figure 3.17

Graph of Species Richness found in Soil T-RFLP results.

The results are compared over time (Day 0 – Day 10) and by levels of contamination
(Phase 1-Phase 6). The numerical values display the level of species richness found in
each Phase at each point in time.
Phase 1 was similar in richness to Phase 4 and 5 even though the levels of
contamination were substantially different. Phase 2 and 3 saw similarities in richness and
were the only phases to have a higher level of richness on Day 0 than Day 10. There were
no distinct community similarities or differences when factored for Microcosm richness
and diversity using NMDS (Figure 3.18 A).This represents the species similarities for the
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constructed wetlands as a whole unit rather than six separate units. Species diversity
measured from microcosms to microcosm had no unifying or similar trends to be found
across all six microcosms. This was found to be true for both soil and water samples and
species richness as well. When the NMDS function was set for Phase, the species
communities were distributed in very distinct trends (Figure 3.18B). Phase 1-3 clustered
together, indication a similar microbial community. Phase 4 and 6 clustered separately
and Phase 5 transitioned between the two clusters. This indicates that Phase 4 and 6 were
distinctly different from one another and Phase 5 appeared to be a transition between the
two communities.
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(A)

(B)
Figure 3.18

Graphs displays the species diversity of soil microbial communuitys over
each of the 6 Microcosms (A) and over each of the 6 Phases (B).

Axis 1 and 2 represent the two dimensions that the non-metric mulitdemnsional scale
(NMDS) used to illustrate difference in each species composition over space and time.
Jaccard’s Measure was used to provide the distance analysis of each species in each of
the six phases.
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The results from the water microbial species richness (Figure 3.19) display a trend
in similarities from Day 0-10 but not always from phase to phase. Phase 1 was similar in
richness to Phase 6 even though the levels of contamination were substantially different.
Phase 2 and 3 saw similarities in richness, as well as 4 and 5. Phase 1 and 3 were the only
Phases to have a higher level of richness at Day 0, whereas Phases’ 2,4,5 and 6 all saw an
increase in species richness from Day 0 to Day 10.

Figure 3.19

Graph of Species Richness found in water T-RFLP results.

The results are compared over time (Day 0 – Day 10) and by levels of contamination
(Phase 1-Phase 6). The numerical values display the level of species richness found in
each Phase at each point in time.
When the NMDS function was set for Day, there was a distinct separation of the
Phases 1-3 Day 0, and Day 10, and Phases 4-6 Day 0 -10 (Figure 3.20 A). Both Figures
3.20 A and B display a similar grouping that occurred for Phases 1-3. This reveals that
81

there was a similar composition in communities for both Day 0 and 10 within Phase 1-3
and that there was no other similarities for Day 0 -10. When the TMDS function was set
for Phase, a distinct trend in community composition was exhibited (Figure 3.20B).
Phase 1-3 had a similar composition that had some overlap between Phase 6. Phase 4 and
5 had some overlapping similarities with Phase 1-3 as well. These trends indicate that all
6 Phases had some similar composition, but that Phases 4-6 had distinct communities of
their own. This could also be due to the new plant species added to the soils after the first
three Phases.
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(A)

(B)
Figure 3.20

Graphs displays the species diversity of water microbial communuitys over
each of two sampling events (A) (Day 0 and Day 10) and for each Phase
(1-6)(B).

Axis 1 and 2 represent the two dimensions that the non-metric mulitdemnsional scale
(NMDS) used to illustrate difference in each species composition over space and time.
Jaccard’s Measure was used to provide the distance analysis of each species in each of
sampling events.
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T-RFLP Significance Resutls
The significant difference in species richness for both the soil and water T-RFLP samples
were analyzed by using the same paired t-test as previous results with an alpha level of
0.05. The significance measures all samples of each phase taken at all sampling events
(Day 0-Day 10).The Soil T-RFLP samples of Phases 1, 4, and 5 were found to be similar
to each other but significantly different from 2, 3 and 6 (Figure 3.21 A). The water TRFLP samples from Phases 1, 2, and 3 were found to be significantly different from each
other but not significantly different from 4, 5 and 6 (Figure 3.21 B).
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(A)

(B)
Figure 3.21

Graphs represent the Phases 1 - 6 Soil T-RFLP species richness as
compared each Phase (A), and water T-RFLP species richness as compared
to each Phase (B).

Means with different letters are significantly different. The Alpha level of 0.05 was used
for all standard t-test results.
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DISCUSSIONS AND CONCLUSIONS

Introduction
This chapter discusses the results of the experiment and incorporates supporting
information from the literature into the argument. The chapter is divided into the
following sections: Results summary, recommendations, limitations, and future research.
A bulleted summary is listed at the end of this chapter to provide an examination of the
study as a whole.
Discussion of Results
The goal of this study was to amend the bio-oil waste contaminated stormwater
runoff from biomass conversion through a simulated constructed wetland. It was
hypothesized that the contaminated stormwater can be remediated by constructed
wetlands and safely released back into the native waterways. The results of this study
were determined by each of the five tests conducted on the water and soil samples (pH,
BOD, Microbial Colony Count, Micro-toxicity and T-RFLP). They were then separately
compared to the six phases of contamination, the levels of each microcosm, and the ten
days within the constructed wetlands system.
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Development over the Six Phases of Contamination
The six phases of contamination can be separated further into two parts, Phases 13 and Phases 4-6. Since Phases 1-3 had relatively low levels of contamination (albeit
different from phase to phase) the results of each experiment in these phases were very
similar. Phases 4-6 had the same high levels of contamination and saw almost identical
results from phase to phase. Although none of the phases produced a high enough
contamination level to result in any plant death, the first three phases were seen to be the
most successful in reducing the amount of contamination in the stormwater. Phases 4-6
maintained high levels of contamination throughout the experiment and were relatively
unchanged by the wetlands. Therefore, the maximum level of contamination while still
achieving high levels of reduced pollution occurred in Phase 3 and should not exceed
300x dilution. The first two phases were the most successful at reducing the toxicity and
meeting permissible discharge levels (Day10). The last four phases never met
significantly lower toxicity levels. The results from the control samples of the BOD test
revealed that much of the decrease in BOD levels from each Phase was due to
volatilization and not the constructed wetlands themselves. However the control samples
from the other four tests indicated that the constructed wetlands were the primary cause
for change in levels of contamination from each phase. The bacterial fragment data
revealed similar microbial communities for the lower levels of contamination (Phase 13). These could be due to fact that all three phases happened relatively close together at a
relatively low contamination level that never killed off the microbial population. During
Phases 4-6, the communities were distributed separately according to phase, which

87

indicated that there was a shift in community diversity at the higher levels of
contamination and over time.
Improvement within the Six Microcosm
The six microcosms saw a similar trend of reduced contamination throughout all
six phases of the study. In almost every sampling event there was a marked reduction
from the first microcosm to the sixth. This was seen to be most prevalent in the pH
sampling. In phases 1-3 the permissible discharge limits (6.5 – 8.5) were met after the
fourth microcosm (Day10). During Phases 4-6 permissible discharge limits were met
after the sixth microcosm (Day 10). BOD discharge limits were met after the fifth
microcosm during Phases 1-3 and were never met during Phases 4-6. The micro-toxicity
of each sample in Phase 1-3 was significantly reduced at the sixth microcosm. During
Phases 4-6, the toxicity of each sample remained relatively unchanged from microcosm
to microcosm. The T-RFLP results reveled that there was no significant trend when
examining the microbial relationship between each microcosm.
Significance of a 10 day sampling event
All the samples saw some form of reduction in contamination after each ten day
sampling event. Phases 1 and 2 were the most successful at reducing contamination levels
after ten days and Phases 5 and 6 saw very little change after 10 days within the system.
The microbial colony count fluctuation had the most significant change from phase to
phase and from day 0 to day 10. During Phases 1-3, the microbial colony population was
greatest at day 0 and then dropped off at day 10. However, the opposite was true for
Phases 4-6 with the microbial colony population being relatively low at day 0 and then
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increasing substantially at day 10. This may be due to specific microbial communities
thriving under the relatively low levels of contamination of Phases 1-3 and then dying off
as the contamination levels dropped. During Phases 4-6 the high levels of contamination
may have initially shocked the microbial community and once they had adapted to the
new levels of contamination, grew in population size. This trend also occurs in species
richness for both the soil and water T-RFLP results. During Phase1-3 the species richness
is higher in Day 0 and lower on Day 10. Whereas during Phases 4-6, species richness is
lower on Day 0 and higher on Day 10. This trend reveals that the microbial population
was never fully killed off by the high levels of contamination and different communities
adapted differently to the changes in contamination.
In the case of the relatively unchanged levels of contamination for BOD, pH and
toxicity during Phases 4-6, it may be necessary to leave contaminated stormwater in the
constructed wetlands for longer than ten days in order to yield considerably reduced
levels of contamination that would be reflected in BOD and micro-toxicity levels.
Recommendations
Based on the results of this study, several recommendations can be made for
treating stormwater contaminated with bio-oil waste water using constructed wetlands. In
order to reach permissible BOD, pH, and toxicity discharge levels, it is recommended
that a bio-oil refinery facility construct a wetlands system following a similar process to
that of this dissertation methodology mentioned in Chapter II. The results of this study
recommend the following:


Maintain and do not exceed a level of 300 x dilution of bio-oil wastewater
contaminated stormwater to be treated
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Pretreatment may be needed for bio-oil wastewater contaminated
stormwater that exceeds the concentration in a dilution volume of 100x



Keep water in the constructed wetlands longer for higher contamination
levels



Limit the amount of toxins lost to volatilization

Limitations
There were several limitations that presented themselves over the course of the
study. The first was the inconsistency of the weather during each phase. Each phase
occurred at a different time of year and had correspondingly different climate changes
that may have affected the rate of microbial growth, plant life and evaporation rates of the
water. Since this study was conducted outdoors there was no way to avoid this, however
it may have caused some unforeseen variances in the samples. Another limitation was in
the soil microbial population used in the study. As stated in Chapter II, the soil was taken
from a local wetland that had no previous interaction with bio-oil waste water. However,
after the first Phase, the soil microbial community had adjusted to the new contaminates
and was not changed from phase to phase in order to give the most accurate
representation of the community microbial analysis. This could have been addressed if
this study took place within the laboratory and the conditions could have been more
controlled, however, this was an outdoor study and therefor this limitation was
unavoidable. An additional limitation of this study was that the stormwater used in this
study was not true stormwater found on a bio-oil refinery site. The water used was
laboratory simulated since there was no access to actual stormwater generated on-site.
This, however, allowed for more controlled levels of contamination to be measured. The
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final limitation of this study was that the plant death limit of contamination was never
determined. It was hypothesized that the 100x dilution would cause substantial plant
death, however this never came to be. The limit of bio-oil contaminated stormwater that
would cause plant death within constructed wetlands remains unknown.
Future research
There are several considerations for future research when examining the topic of
bio-oil contaminated stormwater. This study discusses in detail only a few of the issues
that face bio-oil contaminated stormwater and facilities that seek to treat their stormwater
with constructed wetlands. The first to consider is the treatment of the initial waste water
produced by bio-oil refinery facilities. If pretreated first, this wastewater could potential
be treated along with the stormwater in a constructed wetlands. There is little precedent
to this approach however, there is a huge potential for environmentally sustainable
stormwater and waste water management through the use of constructed wetlands.
A study on the treatment of pretreated bio-oil wastewater by constructed wetlands
would be a valuable asset to future research. A possible solution to the issues faced by
bio-oil refinery facilities that must dispose of the massive amounts of bio-oil waste water
could be to pre-treat the water before introducing it into a constructed wetlands. Should
this be successful, the water could then be reused by the facility for further bio-oil
extraction. Similar studies on the pretreatment of bio-oil waste water have already been
conducted by Mississippi State University, however further treatment of the water would
still be necessary and constructed wetland technology could potentially fill the gap in
research.
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Another possibility for future research includes the application of constructed
wetlands to treat oil-fracking waste water. With current oil-fracking extraction practices,
a large amount of waste water is generated and based off of the preliminary research of
this study, constructed wetlands would be a good option for treatment.
A final avenue for potential research revealed during this research would be to
determine the specific microbial population that target bio-oil waste water breakdown.
This could be done as an extension of this current study by examining the results from
cloned samples and through gene expression. The prospective results would illuminate
more efficient bioremediation techniques for bio-oil waste water breakdown and
decomposition.
Conclusions


The constructed wetlands were successful at lowering BOD and toxicity
levels and achieving permissible pH levels when the concentration of
contaminated stormwater was less than or equal to 400x dilution. Much of
the BOD reduction was due to volatilization of the contaminated
wastewater.



When the concentration of contaminated water exceeded 300x dilution,
the constructed wetland were only successful at achieving permissible pH
discharge levels. Better results may be achievable with the longer
residence time in the wetlands.



The microbial colonies from Phases 1-3 thrived during initial
contamination and waned after contamination levels were depleted.
During Phases 4-6, the microbial colonies thrived in growth after adjusting
92

ten days to the high levels of contamination. This indicated the potential
research for determining what populations thrive under higher bio-oil
waste water contamination and which prosper under lower levels.


The majority of bacterial communities compared were similar in
composition for Phases 1-3 and different for Phases 4-6. Additional
studies will be required to identify the individual species linked to bio-oil
waste water degradation.

It is acknowledged that the results for Phases 4-6 may improve in reduced levels
of contamination should the stormwater remain in the constructed wetlands longer.
However, the amount of contamination lost through volatilization may increase as well.
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APPENDIX A
COMPLETE SAMPLE DATA FOR PHASES 1-6
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Sample Data for Phase 1-6 Tests
Sample Data from Day 0 – 10 Tests for Phase 1-6

Figure A.1

Phase 1 pH Day 0 Data

Figure A.2

Phase 1 pH Day 10 Data
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Figure A.3

Phase 1 Microbial Colony Counts Day 0 data
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Figure A.4

Phase 1 Microbial Colony Counts Day 10 data
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Figure A.5

Phase 1 BOD Day 0 Data

Figure A.6

Phase 1 BOD Day 10 Data
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Figure A.7

Phase 1 Micro-Toxicity Day 0 – Day 10 Data

108

Figure A.8

Phase 2 pH Day 0 Data

Figure A.9

Phase 2 pH Day 10 Data
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Figure A.10 Phase 2 Microbial Colony Count Day 0 Data

Figure A.11 Phase 2 Microbial Colony Count Day 10 Data
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Figure A.12 Phase 2 BOD Day 0 Data

Figure A.13 Phase 2 BOD Day 10 Data
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Figure A.14 Phase 2 Micro-Toxicity Day 0 Data
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Figure A.15 Phase 2 Micro-Toxicity Day 10 Data
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Figure A.16 Phase 3 pH Day 0 Data

Figure A.17 Phase 3 pH Day 10 Data
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Figure A.18 Phase 3 Microbial Colony Count Day 0 Data

Figure A.19 Phase 3 Microbial Colony Count Day 10 Data
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Figure A.20 Phase 3 BOD Day 0 Data

Figure A.21 Phase 3 BOD Day 10 Data
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Figure A.22 Phase 3 Micro-Toicity Day 0 Data
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Figure A.23 Phase 3 Micro-Toicity (and Clean rainwater) Day 10 Data
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Figure A.24 Phase 4 pH Day 0 Data

Figure A.25 Phase 4 pH Day 10 Data
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Figure A.26 Phase 4 Microbial Colony Count Day 0 Data

Figure A.27 Phase 4 Microbial Colony Count Day 10 Data
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Figure A.28 Phase 4 BOD Day 0 Data

Figure A.29 Phase 4 BOD Day 10 Data
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Figure A.30 Phase 4 Micro-Toxicity Day 0 Data
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Figure A.31 Phase 4 Micro-Toxicity Day 10 Data
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Figure A.32 Phase 5 pH Day 0 Data

Figure A.33 Phase 5 pH Day 10 Data
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Figure A.34 Phase 5 Microbial Colony Count Day 0 Data

Figure A.35 Phase 5 Microbial Colony Count Day 10 Data
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Figure A.36 Phase 5 BOD Day 0 Data

Figure A.37 Phase 5 BOD Day 10 Data
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Figure A.38 Phase 5 Micro-Toxicity Day 0 Data
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Figure A.39 Phase 5 Micro-Toxicity Day 10 Data
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Figure A.40 Phase 6 pH Day 0 Data

Figure A.41 Phase 6 pH Day 10 Data
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Figure A.42 Phase 6 Microbial Colony Count Day 0 Data

Figure A.43 Phase 6 Microbial Colony Count Day 10 Data
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Figure A.44 Phase 6 BOD Day 0 Data

Figure A.45 Phase 6 BOD Day 10 Data
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Figure A.46 Phase 6 Micro-Toxicity Day 0 Data
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Figure A.47 Phase 6 Micro-Toxicity Day 10 Data
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